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a b s t r a c t 
This paper presents long-term intercomparisons (2003–2017) between ozone and NO 2 measured by 
the Optical Spectrograph and Infra-Red Imager System (OSIRIS) and the Atmospheric Chemistry Exper- 
iment (ACE) satellite instruments, and by ground-based instruments at the Polar Environment Atmo- 
spheric Research Laboratory (PEARL), near Eureka, Nunavut, Canada (80 ◦N, 86 ◦W). The ground-based in- 
struments include four zenith-sky differential optical absorption spectroscopy (DOAS) instruments, two 
Fourier transform infrared (FTIR) spectrometers, and a Brewer spectrophotometer. Comparisons of 14–
52 km ozone partial columns show good agreement between OSIRIS v5.10 and ACE-FTS v3.5/3.6 data 
(1.2%), while ACE-MAESTRO v3.13 ozone is smaller than the other two datasets by 6.7% and 5.9%, respec- 
tively. Satellite proﬁles were extended to the surface using ozonesonde data, and the resulting columns 
agree with the ground-based datasets with mean relative differences of 0.1–12.0%. For NO 2 , 12–40 km 
partial columns from ACE-FTS v3.5/3.6 and 12–32 km partial columns from OSIRIS v6.0 (scaled to 40 km) 
agree with ground-based partial columns with mean relative differences of 0.7–33.2%. Dynamical coin- 
cidence criteria improved the ACE to ground-based FTIR ozone comparisons, while little to no improve- 
ments were seen for other instruments, and for NO 2 . A ±1 ◦ latitude criterion modestly improved the 
spring and fall NO 2 comparisons. The results of this study are consistent with previous validation exer- 
cises. In addition, there are no signiﬁcant drifts between the satellite datasets, or between the satellites 
and the ground-based measurements, indicating that the OSIRIS and ACE instruments continue to per- 
form well. 
© 2019 Published by Elsevier Ltd. 
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org/10.1016/j.jqsrt.2019.07.014 ell characterized, ground-based validation is required throughout
he lifetime of the satellite instruments. This task is particularly
hallenging for satellites in high-inclination orbits, since they col-
ect a large portion of their data in the Arctic, where the coverage
f ground-based instruments is sparse. The Optical Spectrograph
nd InfraRed Imager System (OSIRIS) and the Atmospheric Chem-
stry Experiment (ACE) satellite instruments have been taking mea-
urements in high-inclination orbits since 2001 and 2003, respec-
ively. The ozone and NO products from these instruments have2 
ated validation of ACE and OSIRIS ozone and NO 2 measurements 
al of Quantitative Spectroscopy & Radiative Transfer, https://doi. 
2 K. Bognar, X. Zhao and K. Strong et al. / Journal of Quantitative Spectroscopy & Radiative Transfer xxx (xxxx) xxx 
ARTICLE IN PRESS 
JID: JQSRT [m5G; July 24, 2019;20:29 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a  
p  
c
2
 
c  
T  
T
2
 
a  
J  
i  
t  
t  
c  
s
2  
t  
G  
a  
s  
t  
w  
b  
w  
2
 
c  
t  
i  
P  
c  
t  
r  
s  
0  
N  
t  
i  
o  
o  
l  
m  
B  
d  
d
2
 
s  
t  
t  
A  
s  
a  
s  
t  
U  
lbeen validated before [1–5] . However, there are no recent com-
parisons in the Arctic involving OSIRIS and both ACE instruments.
As the satellite data processing improves and new versions of the
datasets are released, it is important to verify the consistency of
ozone and NO 2 measurements at high latitudes. This task is espe-
cially important given that OSIRIS and ACE are currently the only
satellite instruments measuring NO 2 proﬁles in the high Arctic. 
Comparison of satellite and ground-based datasets in the high
Arctic is challenging. Passive measurements are restricted to the
sunlit part of the year, while the large solar zenith angles (SZAs)
and small SZA variations pose challenges for both direct-sun and
scattered-light instruments. Polar sunrise and sunset create condi-
tions that lead to highly inhomogeneous stratospheric NO 2 , while
springtime comparisons are affected by the location of the polar
vortex. When the polar vortex is strong, it isolates the airmass in-
side the core and hinders mixing with mid-latitude air. Substan-
tially different trace gas concentrations inside and outside the po-
lar vortex lead to strong gradients across the vortex boundary.
Measurements taken in the vicinity of the polar vortex therefore
need to be compared with care to account for the spatial variabil-
ity of ozone and NO 2 . 
In addition to the atmospheric conditions, the harsh Arctic
environment and logistical challenges restrict ground-based mea-
surements to a few well-equipped stations. The Polar Environ-
ment Atmospheric Research Laboratory (PEARL) [6] , located in Eu-
reka, Canada (80 ◦N, 86 ◦W) is well suited to validate satellite in-
struments. PEARL is a collection of three separate facilities oper-
ated by the Canadian Network for the Detection of Atmospheric
Change (CANDAC) since 2005. All but one of the ground-based in-
struments included in this study are located in the PEARL Ridge
Lab (known as the Arctic Stratospheric Ozone Observatory prior to
2005), a facility 610 m above sea level and 15 km from the Environ-
ment and Climate Change Canada (ECCC) Eureka Weather Station
(EWS). 
PEARL and EWS host a large array of remote-sensing instru-
mentation, including radars, lidars, radiometers, and spectrometers
covering the UV, visible, infrared, and microwave. At the PEARL
Ridge Lab, ozone and NO 2 measurements have been made by
zenith-scattered-light differential optical absorption spectroscopy
(ZSL-DOAS) instruments on a campaign basis since 1999 (and
year-round for 2007–2017), and by Fourier transform infrared
(FTIR) spectrometers for 2006–2017 (year-round). In addition, ECCC
Brewer spectrophotometers have been measuring ozone from 2004
to 2017. To support validation effort s, and to facilit ate additional
springtime measurements, Eureka has been the site for the an-
nual Canadian Arctic ACE/OSIRIS Validation Campaigns since 2004
[7] . Ozone and NO 2 measurements have been used to validate
the ACE and OSIRIS satellite instruments in a series of papers
[7–14] . The PEARL facility is part of the Network for the Detec-
tion of Atmospheric Composition Change (NDACC), a network of
more than 70 remote sensing stations around the globe that aim
to monitor stratospheric and tropospheric changes and trends. The
ZSL-DOAS and Bruker FTIR instruments follow standards and best
practices outlined by the relevant working groups within NDACC,
and data are submitted in a standardized format to the NDACC
database. 
This paper presents intercomparisons of ozone and NO 2 mea-
surements from ground-based and satellite-borne instruments near
Eureka, Canada, in the 2003–2017 period. Section 2 describes the
instruments and datasets used in this study. The retrieval details
for the ground-based ZSL-DOAS and FTIR instruments are given
in Section 3 . The comparison methodology and the details of the
satellite partial columns, as well as the challenges presented by the
diurnal variation of NO 2 are explained in Section 4 . Comparison
results between satellite instruments, and between satellite and
ground-based instruments are presented in Section 5 for ozonePlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 nd in Section 6 for NO 2 . Section 7 examines the impact of the
olar vortex in the spring, and the effect of clouds on ZSL-DOAS
omparisons. Conclusions are given in Section 8 . 
. Instruments 
The ozone and NO 2 datasets used in this study, along with the
orresponding abbreviations and temporal coverage, are listed in
able 1 . Uncertainties, as reported in the datasets, are given in
able 2 . 
.1. GBS ZSL-DOAS instruments 
The University of Toronto Ground-Based Spectrometer (UT-GBS)
nd the PEARL-GBS [15] are both Triax-180 spectrometers from
obin-Yvon/Horiba. The Triax-180 is a crossed Czerny-Turner imag-
ng spectrometer with a grating turret that allows the selec-
ion of three resolutions and wavelength ranges. The UT-GBS and
he PEARL-GBS differ in their input optics, gratings, and charge-
oupled device (CCD) detectors. The UT-GBS took springtime mea-
urements at the PEARL Ridge Lab from 1999 to 20 01, 20 03–
0 07, and 20 09, while year-round measurements (with the excep-
ion of polar night) were taken in 2008 and 2010–2017. The UT-
BS was installed outside for 1999–2001, and it has been oper-
ting inside under a viewing hatch since 2003. In 2015, the in-
trument was placed in a temperature-controlled box to reduce
he effect of temperature ﬂuctuations in the lab. The PEARL-GBS
as installed indoors in the PEARL Ridge Lab in 2006, and has
een taking year-round measurements since then. The PEARL-GBS
as set up in a temperature-controlled box in 2013, 2014, and
017. 
From 1999 to 2004, the UT-GBS used a thermoelectrically
ooled CCD (230–250 K) with 20 0 0 ×800 pixels (averaged across
he 800 rows). The CCD was replaced in 2005 with a back-
lluminated 2048 ×512 pixel CCD which operates at 201 K. The
EARL-GBS CCD is a newer version of the UT-GBS CCD and it in-
ludes a UV-enhanced coating on the CCD chip. The resolution in
he trace gas retrieval windows varies across the measurement pe-
iod based on the grating and slit selection, as well as the po-
ition of the CCD in each instrument. The typical resolution is
.8–1.2 nm for ozone (up to 2.5 nm prior to 2005), 0.8–1.2 nm for
O 2 in the visible region (NO 2 -vis), and 0.2–0.5 nm for NO 2 in
he UV (NO 2 -UV). The instruments have a ﬁeld-of-view of approx-
mately 1 ◦. Since the two instruments are very similar and their
zone, NO 2 -vis, and NO 2 -UV data agree within 1%, the three pairs
f datasets have been merged to create GBS time series. Twi-
ight data were averaged when both instruments had measure-
ents. Details of the data analysis can be found in Section 3.1 .
oth the UT-GBS and the PEARL-GBS are NDACC instruments, and
ata retrieved from the measurements are submitted to the NDACC
atabase. 
.2. SAOZ ZSL-DOAS instruments 
The Systéme d’Analyse par Observation Zénithale (SAOZ) in-
truments [16] form a global network that measures stratospheric
race gases using ZSL-DOAS. SAOZ instruments were deployed at
he PEARL Ridge Lab in 2005–2017 as part of the Canadian Arctic
CE/OSIRIS Validation Campaigns. SAOZ-15 took springtime mea-
urements in 20 05–20 09, while SAOZ-7 was installed in 2010
nd took year-round measurements in 2011 and 2015–2017 with
pringtime data in the intervening years. For 20 05–20 07 and 2010,
he instruments recorded spectra from inside the lab through a
V-transparent window. For 20 08–20 09 and since 2011, SAOZ was
ocated in a box on the roof of the PEARL Ridge Lab. ated validation of ACE and OSIRIS ozone and NO 2 measurements 
al of Quantitative Spectroscopy & Radiative Transfer, https://doi. 
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Table 1 
Data products used in this study. The abbreviations listed are used in all subsequent ﬁgures and tables. 
The measurement periods are separated as spring only (S), spring and fall (S/F) and year-round (Y). 
Data product Abbreviation Ozone NO 2 
GBS-vis GV S: 2003–2005 S: 2003–2005 
Y: Aug. 2006–2017 Y: Aug. 2006–2017 
GBS-UV GU – S: 2007, 2009–2013, 2016 
Y: 2008, 2014, 2015, 2017 
SAOZ SA S: 2005–2010, 2012–2014 S: 2005–2010, 2012–2014 
S/F: 2011, 2015–2017 S/F: 2011, 2015–2017 
Bruker FTIR BK Y: Aug. 2006–2017 Y: Aug. 2006–2017 
PARIS-IR PA S: 2006–2017 –
Brewer BW Y: 2004–2017 –
OSIRIS ∗ OS Y: 2003–2017 Y: 2003–2017 
ACE-FTS v3.5/3.6 AF S/F: 2004–2017 S/F: 2004–2017 
ACE-MAESTRO v3.13 AM S/F: 2004–2017 –
∗ Data versions are v5.10 for ozone and v6.0 for NO 2 . 
Table 2 
Reported uncertainty budgets for each of the datasets used in this 
study. Square brackets denote partial columns. For the list of ab- 
breviations, see Table 1 . 
Instruments Ozone NO 2 
DU % molec/cm 2 % 
GV 22.7 6.6 [5.9 ×10 14 ] [19.0] 
GU – [6.5 ×10 14 ] [22.8] 
SA 23.4 5.9 [2.8 ×10 14 ] [13.6] 
BK 21.8 5.6 [2.3 ×10 14 ] [7.5] 
PA 21.9 4.9 –
BW 1.3 a 0.4 a –
OS [1.8] a [0.6] a [4.5 ×10 13 ] a , b [1.7] a , b 
AF [1.1] a [0.4] a [1.8 ×10 13 ] a [1.1] a 
AM [2.1] a , c [0.7] a , c –
a Random uncertainties only. 
b Based on estimate of uniform 1 ×10 8 molec/cm 3 uncertainty 
for each proﬁle. 
c Calculated using only the uncertainty values less than 10% to 
exclude proﬁles where the error calculation failed. 
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uThe SAOZ instruments are UV-visible spectrometers with a
xed grating that allows measurements in the 270–620 nm region.
pectra are recorded with an uncooled 1024-pixel linear photo-
iode array detector. The resolution is approximately 1 nm across
he detector, and the instruments have a ﬁeld-of-view of 20 ◦.
AOZ-15 and SAOZ-7 are identical instruments and show excel-
ent agreement, therefore measurements from the two instruments
re treated as a single dataset. Details of the data analysis are de-
cribed in Section 3.1 . While SAOZ instruments are NDACC certi-
ed, the Eureka instruments are not part of the NDACC network.
he SAOZ V3 dataset was used in this study. Changes compared to
he V2 dataset are described in Section 3.1 . 
.3. CANDAC Bruker FTIR 
The CANDAC Bruker IFS 125HR Fourier transform infrared spec-
rometer was installed in the PEARL Ridge Lab in 2006 [17] . Solar
bsorption spectra are recorded using either a mercury cadmium
elluride (HgCdTe) or an indium antimonide (InSb) detector (both
iquid-nitrogen-cooled), and a potassium bromide (KBr) beamsplit-
er. Seven narrow-band interference ﬁlters are used to cover a
ange of 60 0–430 0 cm −1 . Measurements take approximately 4–8
in, consist of two to four co-added spectra, and have a resolution
f 0.0035 cm −1 . No apodization is applied to the measurements.
he Bruker FTIR is part of NDACC, and retrieved ozone proﬁles are
ubmitted to the NDACC database, while the NO retrievals are cur-2 
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 ently a research product. The retrieval details for both ozone and
O 2 can be found in Section 3.2 . 
.4. PARIS-IR 
The Portable Atmospheric Research Interferometric Spectrome- 
er for the InfraRed (PARIS-IR) took measurements at the PEARL
idge Lab in 2004–2017 as part of the Canadian Arctic ACE/OSIRIS
alidation Campaigns. Measurements are only included for the
006–2017 period, as the instrument has been operated in a
onsistent fashion since the 2006 campaign. PARIS-IR has a de-
ign similar to that of the ACE Fourier Transform Spectrometer
ACE-FTS) [18] . Solar absorption spectra are recorded using liquid-
itrogen-cooled HgCdTe and InSb detectors, and a zinc selenide
ZnSe) beamsplitter. The measurements are recorded in the 750–
400 cm −1 range, at a 0.02 cm −1 resolution and without the use
f narrow-band ﬁlters. Measurements are recorded approximately
very 7 min and consist of 20 co-added spectra. No apodization
s applied to the measurements. The details of the ozone retrieval
an be found in Section 3.2 . 
.5. Brewer spectrophotometer 
Brewer instruments use a grating with a slit mask to measure
he intensity of direct sunlight at six wavelengths in the UV range
19] . The ﬁrst two wavelengths are used for internal calibration and
O 2 retrievals, respectively. Ozone total columns are calculated us-
ng relative intensities at the four remaining wavelengths (310.1,
13.5, 316.8, and 320 nm), with slight changes to the analysis to
ccount for the high latitude of the measurement site [8] . Several
rewer instruments were deployed in Eureka over the 2003–2017
eriod. In this study, only Brewer #69 (a MKV single monochroma-
or) is included, since this instrument measured hourly ozone for
004–2017. During this time, Brewer #69 was located on the roof
f the EWS building. 
.6. Ozonesondes 
Electrochemical concentration cell (ECC) ozonesondes are 
aunched by ECCC from the Eureka Weather Station on a weekly
asis [20] . During the intensive phase of the Canadian Arc-
ic ACE/OSIRIS Validation Campaigns (2004–2017, typically early
arch), ozonesondes were launched daily, weather permitting. In
his study, ozonesondes were used in the ZSL-DOAS retrievals
 Section 3.1 ), to extend satellite partial columns of ozone to the
urface ( Section 4.3 ), and to initialize the photochemical box model
sed for NO diurnal scaling ( Section 4.3 ). 2 
ated validation of ACE and OSIRIS ozone and NO 2 measurements 
al of Quantitative Spectroscopy & Radiative Transfer, https://doi. 
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N  2.7. OSIRIS 
The Odin satellite, carrying the OSIRIS instrument [21,22] , was
launched in February 2001. OSIRIS measures limb-radiance proﬁles
at a 1–2 km resolution, and measurements near PEARL are avail-
able throughout the sunlit part of the year. The optical spectro-
graph in OSIRIS is a UV-visible grating spectrometer that measures
scattered sunlight from 280 to 800 nm with 1 nm resolution. Spec-
tra are recorded on a 1353 ×286 pixel CCD detector. 
The ozone proﬁles in the version 5.10 dataset [23] used in
this study are retrieved using the SaskMART algorithm. SaskMART
[2] is a multiplicative algebraic reconstruction technique (MART)
that uses information from the UV and visible ozone absorption
bands. The SASKTRAN radiative transfer model [24] is used as the
forward model in the retrievals. The v5.10 dataset corrects a point-
ing bias drift, apparent in the preceding version from 2012 on-
ward. The retrieval algorithm is unchanged compared to previous
versions. The NO 2 retrievals use a different approach. A modiﬁed
DOAS algorithm is used to retrieve slant column densities (SCD),
and the SCDs are converted to proﬁles using MART and the SASK-
TRAN model. The OSIRIS version 6.0 NO 2 [5] is used in this study.
The v6.0 dataset is substantially different from the previous oper-
ational product (v3.0) which used optimal estimation and a differ-
ent forward model. 
2.8. ACE-FTS and ACE-MAESTRO 
ACE [25] , on board the SCISAT satellite, consists of two main
instruments: the Fourier Transform Spectrometer (ACE-FTS) and
the Measurement of Aerosol Extinction in the Stratosphere and
Troposphere Retrieved by Occultation (ACE-MAESTRO). Launched
in August 2003, SCISAT takes solar occultation measurements.
The instruments collect data near PEARL during sunset from late
February to mid-March, and during sunrise from late September
to mid-October. 
The ACE-FTS is a high-resolution (0.02 cm −1 ) infrared Fourier
transform spectrometer that measures in the 750–4400 cm −1 
range. Interferograms are recorded on two photovoltaic detectors
(InSb and HgCdTe). The ﬁrst step in the retrieval is the determi-
nation of pressure and temperature proﬁles based on a detailed
CO 2 analysis. The volume mixing ratio (VMR) proﬁles are then re-
trieved using a global nonlinear least squares ﬁtting algorithm [26] .
The ACE-FTS data version 3.5/3.6 [27] is included in this study. The
v3.5 and v3.6 data use identical algorithms in different comput-
ing environments. The current processing differs from the previous
version (v3.0) only in the low-altitude pressure and temperature
inputs from October 2011 onward. 
The ACE-MAESTRO is a UV-visible-near-IR double spectrograph
with a resolution of 1–2 nm. The two channels cover 280–550 nm
and 500–1030 nm, and spectra are recorded on 2014-pixel linear
photodiode array detectors. Proﬁles are retrieved using a two-step
approach where SCDs are retrieved using a modiﬁed DOAS proce-
dure, and vertical proﬁles are derived using a nonlinear Chahine
relaxation inversion [28] . The retrievals use ACE-FTS temperature
and pressure proﬁles. The ACE-MAESTRO version 3.13 ozone prod-
uct is used in this study. The v3.13 retrieval improves the ref-
erence spectrum and error calculations of the preceding version
(v3.12/3.12.1). The v3.13 dataset does not include NO 2 , since it is
retrieved from the UV spectrometer, and the UV channel has been
experiencing gradual degradation since the launch. UV data are not
considered useful past October 2010 2 ACE-MAESTRO NO 2 was ex-2 ACE-MAESTRO Level 2 Version 3.13 Data Description and File Formats, 
https://databace.scisat.ca/level2/mae _ v3.13/ACE- MAESTRO- V3.13- Data.pdf . Accessed 
2018/09/28. 
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in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 luded from this study due to the low coincidence count of the
vailable data in the v3.12.1 dataset. 
. Data analysis for ground-based instruments 
.1. ZSL-DOAS measurements 
The GBS and SAOZ instruments use the DOAS technique [29] to
etrieve ozone and NO 2 columns from zenith-scattered sunlight.
he GBS and SAOZ analyses were performed independently, with
light differences in the retrieval settings. 
The main product of DOAS is the differential slant column den-
ity (dSCD), the amount of trace gas in the slant column minus
he amount in a reference spectrum. The GBS dSCDs were re-
rieved with daily reference spectra, while the SAOZ retrievals used
 ﬁxed reference spectrum for each year. The dSCDs were retrieved
sing the settings recommended by the NDACC UV-visible Work-
ng Group [30] . For ozone, SAOZ retrievals used the recommended
50–550 nm window, while the GBS instruments used 450–545 nm
o avoid irregularities at the CCD edge. For NO 2 , the GBS-vis
atasets used the recommended 425–490 nm window, while the
AOZ retrievals used an extended, range, 410–530 nm. The GBS-UV
ataset used the 350–380 nm window. The NO 2 -UV data are not a
tandard NDACC product, but the retrievals followed the NO 2 -vis
ecommendations as closely as possible. 
For each twilight, dSCDs in the 86–91 ◦ SZA range were used
n the vertical column density (VCD) retrieval. Reference column
ensities (RCDs) were calculated using the Langley plot method.
or the GBS instruments, daily RCDs were calculated from the av-
rage of the RCDs for each twilight. For SAOZ, a ﬁxed RCD was
alculated for each year, since yearly references were used in the
OAS analysis. Single VCD values for each twilight were calculated
s the mean of the individual vertical columns in the given SZA
ange, weighted by the DOAS ﬁtting error, divided by the air mass
actor (AMF). 
The AMFs used in the VCD retrieval were provided by NDACC
n the form of look-up tables [30] . The ozone AMF calculations re-
uire the input of daily ozone data. The GBS retrievals used total
olumns interpolated from ozonesonde data, while the SAOZ anal-
sis used measured slant column densities. The NO 2 AMF look-up
ables, compiled separately for sunrise and sunset conditions, do
ot require prior vertical column information. The NO 2 concentra-
ion below 12 km and above 60 km in the look-up tables is set to
ero, and so the ZSL-DOAS NO 2 VCDs in this study are 12–60 km
artial columns. 
ZSL-DOAS measurements are particularly challenging in the
igh Arctic. The ideal SZA window of 86–91 ◦ is not available for
uch of the sunlit part of the year, and the maximum SZA at the
ummer solstice is just over 76 ◦. The SAOZ VCDs are only retrieved
n the spring and fall, when the 86–91 ◦ window is available. In
rder to extend the measurements into the polar day, the GBS re-
rievals use the highest available 5 ◦ SZA window in the summer.
round the summer solstice, however, the maximum AMFs for
oth ozone and NO 2 are only about one fourth of the AMFs at 90 
◦
ZA. In addition, the range in AMFs for SZAs of 71–76 ◦ is smaller
han 1, while the AMF range is greater than 10 for the NDACC
ecommended SZA window. This leads to larger uncertainties in
he summertime VCD retrievals. Spring and fall present their own
nique challenges. The lack of high-sun spectra to use as daily ref-
rences negatively impacts the quality of the GBS dSCDs, and small
O 2 concentrations lead to very large uncertainties in the GBS RCD
alculations. 
The GBS uncertainty calculations follow Table 4 of Hendrick
t al. [30] , with updated values to more accurately reﬂect the
BS retrievals. The mean total uncertainty for the 2003–2017 GBS
zone dataset was calculated to be 6.6%, which is larger than theated validation of ACE and OSIRIS ozone and NO 2 measurements 
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f  .9% reported for NDACC ozone columns [30] . The larger value,
owever, is consistent with the challenges of high-latitude mea-
urements outlined above. The GBS NO 2 -vis and NO 2 -UV datasets
ave mean total uncertainties of 19.0% and 22.8 %, respectively. To
nsure the consistency of the daily RCD and uncertainty calcula-
ions, GBS VCDs were only computed if both twilights had mea-
urements. The SAOZ dataset contains only the errors from the
OAS ﬁtting procedure. The total uncertainty of SAOZ ozone was
stimated to be 5.9% [30] . SAOZ NO 2 measurements have an es-
imated precision of 1.5 ×10 14 molec/cm 2 and accuracy of 10%.
ombined in quadrature, this yields a 13.6% total uncertainty for
he SAOZ NO 2 measurements used in this study. 
The SAOZ V3 dataset is different from the V2 data used in pre-
ious validation studies. For ozone, the changes are limited to new
eference spectra (and therefore reprocessed dSCDs and new RCD
alues) for 2008–2010. For NO 2 , the changes are more substantial.
he V2 dataset was processed using a single set of AMFs repre-
entative of Arctic summer evenings, and the retrievals produced
otal columns. The V3 retrievals use the NDACC AMF look-up ta-
les, and produce 12–60 km partial columns. The same wavelength
ange (410–530 nm) was used for both NO 2 retrievals. 
To investigate the differences between satellite minus GBS and
atellite minus SAOZ intercomparisons, we retrieved ozone and
O 2 VCDs from the original SAOZ dSCDs using the GBS VCD re-
rieval code. This retrieval extended the SAOZ data to include year-
ound measurements in 2011 and 2015–2017. This dataset (here-
fter SAOZ allyear ) used the same settings as the SAOZ retrieval, with
he exception of the SZA range. Similar to the GBS retrievals, the
ighest available 5 ◦ SZA window was used to obtain summer data.
.2. FTIR measurements 
The Bruker FTIR and the PARIS-IR employ a similar technique
o retrieve vertical VMR proﬁles from measured solar-absorption
pectra. VMR proﬁles are retrieved using the SFIT4 version 0.9.4.4
etrieval algorithm, which, as with the previous SFIT2 retrieval al-
orithm, is based upon the methods of Pougatchev et al. [31] . SFIT4
ses an optimal estimation method that iteratively adjusts the re-
rieved VMR to best ﬁt the measured spectra [32] . The trace gas
 priori proﬁles required by SFIT4 are provided by the mean of
 40-year (1980–2020) run of the Whole Atmosphere Community
limate Model (WACCMv4) [33] , while daily pressure and tempera-
ure proﬁles used in the retrieval are provided by the U.S. National
enters for Environmental Prediction (NCEP) and interpolated to
he geolocation of PEARL. Spectroscopic line lists are from HITRAN
008 [34] as recommended by the NDACC Infrared Working Group
IRWG). 
The ozone retrievals for both instruments use a single mi-
rowindow, spanning 10 0 0.0–10 04.5 cm −1 [12] , which also con-
ains the interfering species H 2 O, CO 2 , and the ozone isotopologues
 
668 
3 
and O 686 
3 
. Proﬁles are simultaneously retrieved for H 2 O and
O 2 from the Bruker FTIR spectra, whereas for PARIS-IR spectra
 2 O and the ozone isotopologues are retrieved as proﬁles. Proﬁles
f the remaining species, O 668 
3 
and O 686 
3 
for the Bruker FTIR and
O 2 for PARIS-IR, are scaled from their a priori values. Retrievals
re performed on a 29-layer grid, from 0.61 to 100 km, for PARIS-
R, and on a 47-layer grid, from 0.61 to 120 km, for the Bruker FTIR.
The a priori covariance matrix for the Bruker FTIR ozone re-
rievals is formed from diagonal values of 5% from the surface
0.61 km) to approximately 45 km. Above 45 km, the diagonal val-
es are scaled to 4.2% to reduce oscillations in the retrieved pro-
les. Off-diagonal elements are formed from an exponential inter-
ayer correlation, with a correlation width of 2 km, applied from
he surface to the top of the atmosphere at 120 km. The a pri-
ri covariance matrices of the interfering species H 2 O and CO 2 are
ormed with diagonal elements of 20% for all altitudes with noPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 nter-layer correlation. These a priori covariance matrices provided
he optimal degrees of freedom for signal (DOFS) while minimizing
nphysical oscillations in the retrievals. The mean DOFS for ozone
s approximately 5, with minimum values near 4 and maximum
alues near 6. 
The a priori covariance matrix for PARIS-IR is constructed from
iagonal values of 7% for all altitudes, with no inter-layer corre-
ation. The a priori covariance matrices of the interfering species
 2 O, O 
668 
3 
and O 686 
3 
are formed with diagonal elements of 20% for
ll altitudes again with no inter-layer correlation. The mean DOFS
or ozone is approximately 3, with minimum values of approxi-
ately 1 and maximum values around 4.5. 
The Bruker FTIR NO 2 retrievals use ﬁve microwindows centered
n 2914.65, 2918.23, 2919.53, 2922.58, and 2924.84 cm −1 . The in-
erfering species are CH 4 , CH 3 D, H 2 O, ozone and OCS. CH 4 and
H 3 D are retrieved as proﬁles, whereas H 2 O, ozone, and OCS are
caled from their a priori values. The retrievals are performed on
he same 47-level grid as for ozone. The a priori covariance matrix
or the NO 2 retrieval is formed from diagonal values of 40% for all
ltitudes, and an exponential inter-layer correlation (with a corre-
ation width of 4 km) for the off-diagonal elements. The a priori
ovariance matrices of the interfering species CH 4 and CH 3 D are
ormed with diagonal elements of 25% for all altitude levels, with
o inter-layer correlation. The mean DOFS for the NO 2 retrieval is
.2, with minimum values near 0.8 and maximum values around
.6. The DOFS show strong seasonality, with spring and fall values
etween 1.2 and 1.6, and summertime values of 1-1.2. 
A full error analysis was performed following Rodgers [32] ,
hich includes the forward model parameter error and the mea-
urement noise error. Adding these in quadrature, the mean uncer-
ainty for the entire ozone time series from 2006 to 2017 is 5.6%
f the retrieved total column for the Bruker 125HR and 4.9% for
ARIS-IR. These values are similar to mean uncertainties of other
TIR ozone retrievals from the NDACC IRWG. The mean uncer-
ainty for 2006–2017 is 7.5% for the Bruker FTIR NO 2 retrievals. The
moothing error was not included in the mean uncertainty calcu-
ations [35] . 
The retrievals were quality controlled using the root-mean-
quared (RMS) values of the residual and the DOFS. An RMS:DOFS
atio of 1.0 was used in the Bruker FTIR ozone retrieval, while the
ARIS-IR retrieval used a value of 6.0, and the Bruker FTIR NO 2 re-
rieval used a value of 1.5. Proﬁles with RMS:DOFS ratios higher
han the aforementioned limits were excluded to eliminate poor
pectral ﬁts and maintain adequate retrieved information. Addi-
ionally, several outliers were omitted from the datasets based on
 qualitative analysis of the ﬁtted spectra. 
. Comparison methodology 
The validation metrics used to assess the similarity of the
atasets are described in Section 4.1 . Coincident measurements
sed for the comparisons were selected using the methods out-
ined in Section 4.2 . The procedures for extending ozone proﬁles
sing ozonesonde data, and for scaling NO 2 columns using a pho-
ochemical model are described in Section 4.3 . The methodology
sed to assess the long-term consistency of the satellite datasets is
escribed in Section 4.4 . 
.1. Comparison metrics 
To evaluate systematic differences between the datasets, mean
bsolute and relative differences were used. The mean absolute dif-
erence between a set of coincident measurements x and y is givenated validation of ACE and OSIRIS ozone and NO 2 measurements 
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abs = 
1 
N 
N ∑ 
i =1 
(x i − y i ) , (1)
where N is the number of coincident measurements. The mean rel-
ative difference, deﬁned with respect to the average of the mea-
surement pairs, is given by 
rel = 
1 
N 
N ∑ 
i =1 
(x i − y i ) 
(x i + y i ) / 2 
× 100% . (2)
The standard errors ( σ/ 
√ 
N , where σ is the standard deviation
of the differences) were also calculated for the mean absolute
and relative differences. The standard error is the reported error
throughout this paper. In addition, to quantify the statistical spread
of the absolute differences, the root-mean-square deviation ( RMSD )
is used: 
RMSD = 
√ 
1 
N 
N ∑ 
i =1 
(x i − y i ) 2 . (3)
Unlike the standard deviation of the differences, RMSD captures
the bias between the datasets as well. If there is no bias between
the datasets, then RMSD = σ . For satellite to ground-based com-
parisons, we use the sign convention such that x is the satellite
dataset and y is the ground-based dataset. 
The statistical dependency of the datasets was evaluated using
Pearson’s correlation coeﬃcient ( R ). In correlation plots, the lin-
ear relationship between the datasets was characterized using the
ordinary least squares (OLS) method, and the reduced major-axis
(RMA) method [36] . The RMA solution is equivalent to minimiz-
ing the sum of squares of the perpendicular distances between the
points and the ﬁtted line. Since the RMA solution is symmetrical,
it doesn’t require the assignment of one dataset as the indepen-
dent variable. Measurement uncertainties were not included in the
linear ﬁts, since some of the datasets include random errors only,
while some of the datasets do not provide uncertainty values for
individual measurements, only an estimate of the overall uncer-
tainty. 
Since pairwise comparison metrics are sensitive to uncertainties
in both datasets, we use triple colocation analysis (TCA), a method
commonly used for global validation studies [37–43] , to estimate
uncertainties in the individual datasets. By adding a third coin-
cident dataset, TCA allows an estimate of the root-mean-square-
error ( RMSE ) and correlation with respect to the unknown truth
for each dataset. The RMSE is the square root of the random error
variance, and is given by 
RMSE(x ) = 
√ 
σ 2 x −
σxy σxz 
σyz 
, (4)
for one dataset, using the three coincident datasets x, y and z. σ xy ,
σ xz , σ yz are the covariances of the datasets, and σ 2 x is the variance
of the measurements in question. The correlation with respect to
the unknown truth is deﬁned as 
R t = 
√ 
σxy σxz 
σ 2 x σyz 
. (5)
The RMSE and R t are analogous to the RMSD and R values from
pairwise comparisons, however while RMSD and R are sensitive to
uncertainties in both datasets, RMSE and R t are only sensitive to
uncertainties in dataset x . 
All comparison metrics (pairwise or triple colocation) used in
this study are affected by colocation mismatch, that is differences
between the spatiotemporal sampling of the inhomogeneous ozone
and NO distributions by different instruments. Ozone colocation2 
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 rrors have been estimated by Verhoelst et al. [44] . They used
OME-2 and NDACC ozone measurements, combined with mod-
led observations, to quantify the error budgets of satellite to
round-based intercomparisons for a host of ground-based stations
67 ◦N to 75 ◦S). They found that colocation errors dominate the
rror budgets, and can account for differences of 10% or more at
igh-latitude stations. Using similar methods, colocation errors be-
ween OSIRIS and ACE-FTS ozone can also be estimated. For the
oincidence criteria used in this study (12 h and 500 km), and in-
luding the Arctic (poleward of 60 ◦N) only, the mean relative dif-
erence between OSIRIS and ACE-FTS 10–55 km partial columns is
xpected to be 6.4–6.9% 3 . Colocation errors for satellite to ground-
ased comparisons are expected to be similar, while for NO 2 , the
alues are expected to be larger due to the high latitudinal gradi-
nt and diurnal variation. 
The contribution of colocation error to the RMSE values varies
epending on the combination of instruments, due to differences
n viewing geometries and measurement techniques. In order to
imit the effect of colocation error, the calculated RMSE values are
peciﬁc to instrument pairs, and only the sum of the RMSE val-
es is reported for each pair. This way, satellite datasets are not
enalized when grouped with two ground-based instruments, and
ice versa. RMSE values for the individual instruments were calcu-
ated as the average RMSE from all triplets that included both in-
truments in the pair. For example, using ACE-FTS and GBS ozone,
he triplets with SAOZ, Bruker FTIR, PARIS-IR, ACE-MAESTRO, and
SIRIS data were considered, the RMSE values (ﬁve for both ACE-
TS and GBS) were averaged, and then added to get the ﬁnal value
hown in Table 3 . This process was repeated for all instrument
airs considered in this study. The ﬁnal RMSE values provide an
pper limit on the expected spread between data from various in-
trument pairs. R t values for each instrument were calculated in
 similar fashion, except those values were not added in the ﬁnal
tep. 
Throughout this paper, the convention is that ‘spring’ and ‘fall’
re deﬁned as the periods when the sun crosses the horizon daily
i.e. 90 ◦ SZA is available). These periods, from day 53 to day 105
February 23 to April 14/15) and from day 240 to day 291 (Au-
ust 27/28 to October 17/18), include all ACE measurements, and
ll ZSL-DOAS measurements with the ideal 86–91 ◦ SZA range. The
emainder of the sunlit part of the year is referred to as summer. 
.2. Coincidence criteria 
Temporal coincidence criteria were selected based on the mea-
urement methods of the instruments. For twilight-measuring
nstruments (ACE-FTS, ACE-MAESTRO, and the ZSL-DOAS instru-
ents), comparisons were restricted to the same twilight. In ad-
ition, comparisons between ACE-FTS and ACE-MAESTRO were re-
tricted to the same occultation. For all other instrument pairs,
oincidences were generated by pairing measurements from both
atasets to the nearest measurement in the other dataset, within a
12 h time window. For triple colocation, these coincidence crite-
ia were applied simultaneously to all three pairs within the group.
For spatial coincidences, satellite measurements within 500 km
f the PEARL Ridge Lab were considered. The approximate location
f the air masses sampled by each instrument is shown in Fig. 2 of
dams et al. [8] . The primary reason for using a 500 km radius
as to reduce the impact of the spring and fall latitudinal NO 2 
radient on the comparison results. These impacts are assessed in
ection 7.1 . Comparison results for a 10 0 0 km radius around PEARL
how that for NO 2 , mean differences change signiﬁcantly and the
orrelation coeﬃcients decrease, when compared to the 500 km re-
ults. Fig. 5 of Adams et al. [8] shows modeled ratios of NO par-ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Table 3 
Sum of the averaged RMSE values for all possible instrument pairs that involve at least one satellite instrument. 
The values were calculated using TCA, as described in Section 4.1 . The uncertainty values are the standard errors 
on the averaged RMSE values, combined in quadrature. The number of triplets considered in the average (i.e. the 
number of third instruments), as well as the total number of triple coincidences (N tot ) are indicated for each 
pair. Instrument abbreviations are given in Table 1 . 
Ozone NO 2 
Instrument Sum of RMSE Triplets N tot Instrument Sum of RMSE Triplets N tot 
Pair (DU) Pair (x10 14 molec/cm 2 ) 
OS, AF 25.8 ±2.8 5 4047 –
OS, AM 35.2 ±1.4 5 3550 –
AF, AM 21.2 ±1.7 5 5229 –
OS, GV 36.1 ±2.1 6 23,303 OS, GV 5.7 ± 0.5 3 1918 
OS, SA 32.2 ±3.0 6 9687 OS, GU 5.6 ± 0.3 3 1749 
OS, BK 36.0 ±4.5 6 23,309 OS, SA 5.5 ± 0.4 3 1204 
OS, PA 42.2 ±3.4 6 17,268 OS, BK 4.7 ± 0.3 3 2597 
OS, BW 27.2 ±2.1 4 33,372 AF, GV 3.3 ± 0.4 3 887 
AF, GV 38.4 ±4.5 5 2874 AF, GU 3.5 ± 0.4 3 656 
AF, SA 33.3 ±5.5 5 3169 AF, SA 3.7 ± 0.3 3 925 
AF, BK 41.1 ±5.2 5 5943 AF, BK 3.7 ± 0.1 3 482 
AF, PA 41.5 ±5.7 5 12,252 –
AM, GV 46.5 ±3.3 5 2439 –
AM, SA 40.0 ±4.7 5 2669 –
AM, BK 46.9 ±5.2 5 5277 –
AM, PA 50.7 ± 4.4 5 10,950 –
Table 4 
Drift values and corresponding uncertainties for the satellite minus ground-based 
daily mean relative difference time series, as described in Section 4.4 . The variance- 
weighted mean value is also indicated for each satellite data product. Drifts that are 
signiﬁcant based on the uncertainty alone are highlighted in bold. Whether these 
drifts are meaningful, or the results of evolving comparison statistics, is discussed in 
Sections 5.4 (for ozone) and 6.3 (for NO 2 ). None of the drifts are signiﬁcant based on 
the number of years (n ∗) required to detect a real drift in the datasets. Instrument 
abbreviations are given in Table 1 . 
Satellite Ground-based Ozone drift (%/decade) NO 2 drift (%/decade) 
Instrument Instrument Pairwise Mean Pairwise Mean 
OS 
GV −0.9 ± 3.1 
1.2 ±0.9 
−2.9 ± 9.5 
−5.1 ± 5.7 
GU – −1.2 ± 13.7 
SA −1.5 ± 2.7 −4.0 ± 13.8 
BK 0.4 ± 2.2 −10.4 ± 10.3 
PA −2.3 ± 5.1 –
BW 2.7 ± 1.3 –
AF 
GV −5.0 ± 5.1 
−3.3 ±2.4 
7.4 ± 12.8 
8.3 ±7.7 
GU – 5.3 ± 18.5 
SA −2.5 ± 4.2 12.8 ± 13.3 
BK −4.6 ± 4.9 3.6 ± 21.4 
PA −1.1 ± 5.5 –
AM 
GV −2.3 ± 7.7 
−0.9 ± 3.3 
–
–SA −0.2 ± 7.3 –
BK −4.1 ± 6.8 –
PA 1.2 ± 5.3 –
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p  ial columns at various latitudes for SZA = 90 ◦, as a function of day
f the year. Ratios of partial columns at 78 ◦N over 82 ◦N (typical
ifference for coincidences within 500 km) could be as high as 7
n early spring and late fall, while latitude differences typical for
 10 0 0 km radius correspond to ratios of 20–25 during the same
eriods. Ozone comparisons show only small differences when the
adius is increased to 10 0 0 km. Using the 500 km radius ensures
hat the results are directly comparable to Adams et al. [8] , who
lso used this radius around PEARL to compare datasets from the
nstruments included in this study. 
.3. Partial columns 
ACE-FTS and ACE-MAESTRO VMR proﬁles were converted to
umber density using ACE-FTS pressure and temperature proﬁles.Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 he OSIRIS proﬁles are reported as number densities. For the in-
egration to partial columns, proﬁles were accepted only if all lev-
ls in the selected altitude range had valid values. While negative
MR values for ACE-FTS and ACE-MAESTRO were accepted as valid
ata, none of the proﬁles considered in the comparisons include
egative values within (or immediately outside) the ozone or NO 2 
artial column ranges. 
For comparisons between satellite instruments, ozone partial
olumns from 14 to 52 km were calculated, in order to maximize
he number of available proﬁles from all three satellite instru-
ents. For comparison to ground-based instruments, the satellite
artial columns were extended down to the altitude of the given
nstrument (610 m for the PEARL Ridge Lab and 10 m for the Eu-
eka Weather Station; a difference of 1–2 DU) using ozonesonde
roﬁles. This approach is similar to the methods of Adams et al.ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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e  [8] and Fraser et al. [9] . Sonde proﬁles were interpolated to
the satellite measurement time, and the resulting proﬁles were
smoothed between 12–16 km with a moving average to avoid dis-
continuities in the joint proﬁle. Excluding the smoothing step re-
sults in a mean change of only 0.3% in the satellite total columns.
Ozone above 52 km was neglected, since it accounts for less than
0.2% ( < 1 DU) of the total ozone column according to the NDACC
ozone climatology [30] for Eureka. 
For NO 2 partial columns, an altitude range of 12–40 km was
chosen. The lower altitude limit was determined by the ZSL-DOAS
retrievals, since the standardized NDACC AMFs only include NO 2 
above 12 km. The upper value was set to 40 km to ensure that the
results are comparable to Adams et al. [8] . No correction was ap-
plied to extend the columns above 40 km, since NO 2 above that al-
titude accounts for less than 2% of the total column, which is much
smaller than the measurement uncertainties for the ground-based
instruments. For OSIRIS, the upper altitude limit was reduced to
32 km, since most proﬁles only extended to that altitude. For com-
parison to ground-based instruments, OSIRIS NO 2 partial columns
were scaled to 40 km using NDACC look-up table proﬁles calculated
using the time, geolocation, and mean wavelength of the OSIRIS
measurements. 
Diurnal variation of NO 2 must be considered when comparing
measurements taken at different times of the day. In the spring
and fall, NO 2 increases during the day due to release from night-
time reservoirs. During the polar day (mid-April to late-August),
NO 2 decreases at noon due to photolysis to NO. To account for the
diurnal variation, NO 2 partial columns were scaled to local noon
[e.g. 8,13 ] using a photochemical box model [45,46] . The model
was initialized for 80 ◦N using the NDACC surface albedo clima-
tology and ozonesonde proﬁles of ozone and temperature interpo-
lated to local noon for each day. For a detailed discussion of the
scaling procedure, see Adams et al. [8] . 
Diurnal variation of NO 2 also leads to errors in individual mea-
surements through the so-called diurnal effect [47–50] . The diur-
nal effect occurs mainly because sunlight passes through a range
of SZA before reaching the instruments, and NO 2 is at different
stages of its diurnal cycle for different SZA. For ACE-FTS, NO 2 pro-
ﬁles below 25 km can increase by up to 50% as a result of the diur-
nal effect [4] . For OSIRIS, these errors are less relevant since only
measurements with SZA greater than 85 ◦ are expected to change
due to the diurnal effect [1,49] , and the v6.0 dataset used here
contains no such measurements near PEARL. The ZSL-DOAS instru-
ments likely underestimate NO 2 , since the SZA at 30 km along the
estimated line-of-sight is ∼3 ◦ smaller ( ∼2 ◦ for UV) than the SZA
at the instrument location for the standard 86–91 ◦ SZA window.
Bruker FTIR measurements are affected in the early spring, when
SZA in the 30 km layer can be up to 5 ◦ smaller than the SZA at the
ground. The discrepancy for the Bruker FTIR, however, quickly de-
creases in the spring as the sun climbs higher in the sky. In addi-
tion to the diurnal effect, the diurnal variation of NO 2 also leads to
strong latitudinal gradients in the spring and fall. NO 2 concentra-
tions are smaller at higher latitudes, due to the decreasing number
of daylight hours with increasing latitude. The impact of the diur-
nal effect and the latitudinal gradient on the comparison results is
examined in Section 7.1 . 
4.4. Time series analysis 
Given the long data record for all instruments included in this
study (see Table 1 ), the decadal stability of the satellite data prod-
ucts can be assessed. For each instrument pair, the daily mean rel-
ative differences were calculated, and a linear ﬁt with respect to
time was used to obtain an estimate of the drift between the two
instruments [e.g. 51,52 ]. The linear regression was performed using
a bi-square weighted robust ﬁtting method [53] . Robust methodsPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 re preferable over OLS methods, since the former are less sensi-
ive to outliers and data gaps. The uncertainties given by the ro-
ust ﬁt were veriﬁed using bootstrap resampling, [54] and the two
ncertainty calculations were found to be in very good agreement.
The uncertainties reported for the drift values ( σ ) were cal-
ulated using a correction for the autocorrelation of the noise,
52,55] such that 
= 2 σ f it ×
√ 
1 + φ
1 − φ , (6)
here σ ﬁt is the uncertainty from the robust ﬁt, and φ is the lag-1
utocorrelation of the noise. We take the residual daily mean rel-
tive differences to represent the distribution of noise in the data
56] . The values of σ yield a more conservative estimate of the un-
ertainty as compared to the ﬁt uncertainties. Potential seasonality
n the relative difference time series was not taken into account
xplicitly, due to the limitations of OLS ﬁtting methods for sparsely
ampled time series, and the large scatter (relative to the potential
easonality) in the relative difference datasets. To assess the feasi-
ility of drift detection for each dataset, we calculated the number
f years ( n ∗) required to detect a real drift of a given magnitude in
he data, as given by Weatherhead et al. [55] : 
 
∗ = 
(
3 . 3 σN 
| ω | 
√ 
1 + φ
1 − φ
)
2 / 3 . (7)
he factor of 3.3 returns n ∗ for the given drift value ( ω) with 90%
ertainty, and σN is the standard deviation of the noise. The sta-
istical signiﬁcance of the drift value for each dataset was assessed
sing both the error on the drift ( σ ) and the number of years (n ∗)
equired to detect the drift with 90% certainty. 
In addition to the drift values for each satellite minus ground-
ased time series, the mean drift for each satellite data product
as calculated using a variance-weighted mean [51] . Weights of
−2 
i 
were used, where σ i is the uncertainty of the drift value for
he i th instrument pair in the average. The uncertainty on the mean
rift is given by ( 
∑ 
σ−2 
i 
) −1 / 2 . 
.5. Averaging kernel smoothing 
Satellite proﬁles were not smoothed in this study, for reasons
etailed below. The OSIRIS, ACE-FTS and ACE-MAESTRO satellite in-
truments measure at a higher vertical resolution than the ground-
ased instruments considered here. To account for this difference,
he satellite proﬁles might be smoothed with the ground-based
veraging kernels according to the method of Rodgers and Con-
or [57] . Smoothing the satellite proﬁles for comparisons with the
ruker FTIR and the PARIS-IR is straightforward, and is routinely
mplemented in validation studies [e.g. [3,10,12] ]. However, given
he good sensitivity of the FTIR instruments to most of the ozone
nd NO 2 columns [13,17] , smoothing is expected to have a small
mpact on ozone and NO 2 comparisons. 
The Brewer and ZSL-DOAS retrievals, on the other hand, do not
rovide averaging kernels or use a priori proﬁles. To address this
roblem, approximate ZSL-DOAS averaging kernels were developed
t the Belgian Institute for Space Aeronomy (BIRA-IASB) in the
orm of look-up tables. The averaging kernel calculations are based
n the methods of Eskes and Boersma [58] . In the current iteration,
owever, the averaging kernels are calculated for 90 ◦ SZA only. This
imits their use to spring and fall for PEARL data. Furthermore,
ost of the changes in the smoothed proﬁles can be attributed
o the systematic differences between the unsmoothed satellite
roﬁles and the climatology used as a priori in the smoothing
rocess. 
Considering only the proﬁles coincident with ground-based
easurements, satellite-plus-sonde ozone columns change, on av-
rage, by less than 0.2% and 1.4% when smoothed with the Brukerated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 1. Correlation plots (a–c) and seasonal absolute differences (d-f) between OSIRIS, ACE-FTS, and ACE-MAESTRO 14–52 km ozone partial columns. The correlation plots 
include best ﬁt lines using the OLS (red dashed line) and RMA (blue dashed line) methods, as well as the one-to-one line (black). The slope, intercept, number of coincidences, 
and correlation coeﬃcient are given as m, b, N, and R , respectively. In the difference plots, the dashed lines show the mean absolute difference. The errors shown for the 
mean differences and the RMSD values are the standard error. Abbreviations and measurement periods are given in Table 1 . 
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i  TIR and PARIS-IR averaging kernels, respectively. The magnitude
f the change is similar for all satellite datasets. Smoothing with
he ZSL-DOAS averaging kernels changes the spring and fall ozone
olumns by less than 1%. Satellite NO 2 partial columns change
y less than 2% when smoothed with the Bruker FTIR averaging
ernels. The change is less than 2.5% when smoothed with the
SL-DOAS averaging kernels for the visible range, while smoothing
ith the UV averaging kernels leads to changes of 3–4%. All of the
hanges are small compared to the level of agreement between,
nd the combined error budgets of, the satellite minus ground-
ased instrument pairs for both ozone and NO 2 . 
Given the potential problems with the ZSL-DOAS averaging ker-
els, and the lack of Brewer averaging kernels, we preferred to
reat all datasets in a consistent manner, and so we did not per-
orm any smoothing for the satellite to ground-based comparisons.
. Ozone results 
.1. Satellite versus satellite partial columns 
Results of the comparisons between OSIRIS, ACE-FTS and ACE-
AESTRO 14–52 km ozone partial columns are shown in Fig. 1 .
he three datasets show good correlation, with correlation coeﬃ-
ients of 0.94 or greater ( Fig. 1 a–c). The slopes of the linear ﬁts
re close to 1, and the OLS and RMA methods agree well. The
MA ﬁt is perhaps a better reference in this case, since none of
he satellite datasets could be considered the reference dataset for
he OLS ﬁt. Correlation coeﬃcients with the unknown truth ( R t 
rom TCA) are 0.97 or greater for all three satellite instruments.
bsolute differences between the satellite datasets are shown in
ig. 1 d–f. OSIRIS and ACE-FTS show a mean relative difference of
.2%. ACE-MAESTRO is systematically lower than OSIRIS and ACE-
TS, by 6.7% and 5.9%, respectively. The spread of the absolute dif-
erences (indicated by the RMSD value) is lowest for the OSIRISPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 inus ACE-FTS comparison, at 18.5 DU. RMSD values for ACE-
AESTRO are higher, 29.6 DU and 23.2 DU, when compared to
SIRIS and ACE-FTS, respectively. The RMSD values for the OSIRIS
omparisons are within the maximum range expected from the
MSE calculations using TCA ( Table 3 ), while the RMSD between
he ACE instruments is outside the maximum expected range. The
stimated values of the drift are 1.3 ±2.4 %/decade for OSIRIS mi-
us ACE-FTS, -2.1 ±3.8%/decade for OSIRIS minus ACE-MAESTRO,
nd -2.1 ±3.3%/decade for ACE-FTS minus ACE-MAESTRO. None
f these values are statistically signiﬁcant, indicating that there
re no systematic changes between satellite datasets over
ime. 
Previous versions of the ozone products from the three satellite
nstruments have been compared before. Fraser et al. [9] compared
CE-FTS v2.2 and ACE-MAESTRO v1.2 partial columns between 15
nd 40 km in a 500 km radius around PEARL for 20 04–20 06, and
ound mean relative differences of 5.5% to 22.5%. The 2003–2017
ean of 5.9% found in this study falls within this range. Dupuy
t al. [3] compared OSIRIS v2.1, ACE-FTS v2.2, and ACE-MAESTRO
1.2 proﬁles on a global scale for 20 04–20 06. They found that
CE-MAESTRO agreed with OSIRIS to ±7% in the 18–59 km range,
hile ACE-FTS was on average 6% larger than OSIRIS between 9
nd 45 km, and progressively larger (up to 44%) between 45 and
0 km. This is opposite to the ﬁndings of this study, where ACE-FTS
nd ACE-MAESTRO partial columns are both smaller than OSIRIS
artial columns. The discrepancy is likely due to the fact that co-
ncidences in this study are limited to the Arctic, while Dupuy
t al. [3] covered all latitudes. This conclusion is also supported
y Adams et al. [8] , who compared OSIRIS v5.0x, ACE-FTS v3.0,
nd ACE-MAESTRO v1.2 partial columns for 14–52 km (same alti-
ude range as in this study) near PEARL for 2004–2010. Mean rel-
tive differences between OSIRIS and ACE-FTS were reported to be
.2%, identical to the value found in this study. Comparisons involv-
ng ACE-MAESTRO partial columns show an approximate doublingated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 2. Mean ozone number density proﬁles and mean differences for all coinci- 
dences between OSIRIS, ACE-FTS and ACE-MAESTRO. The left panels show the mean 
proﬁles, with one standard deviation limits indicated by the dashed lines. The mid- 
dle and right panels show the absolute and relative differences, respectively, at each 
altitude level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. As for Fig. 1 , OSIRIS-plus-sonde surface-52 km ozone columns and Brewer 
total columns. 
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y  of the relative differences, from 2.8% [8] to 6.7% and 5.9%. Given
that the OSIRIS minus ACE-FTS comparison remained unchanged,
this difference is likely due to changes in the more recent ACE-
MAESTRO v3.13 dataset. The relative differences show the same
doubling for the 2004–2010 period (used by Adams et al. [8] ), in-
dicating that the issue is related to the v3.13 processing. Adams
et al. [8] also reported slopes signiﬁcantly less than 1 for OSIRIS
minus ACE-MAESTRO and ACE-FTS minus ACE-MAESTRO compar-
isons, with y-intercepts similar to those shown in red in Fig. 1 b,c. 
To further investigate this apparent low bias in ACE-MAESTRO
data, we compared 14–52 km ozone number density proﬁles for all
three satellite instruments. The mean proﬁles and standard devia-
tions for all coincidences are shown in Fig. 2 . ACE-MAESTRO under-
estimates the peak ozone concentrations compared to both OSIRIS
( Fig. 2 b) and ACE-FTS ( Fig. 2 c), by more than 10%. OSIRIS and ACE-
FTS proﬁles agree well ( Fig. 2 a), with only a small difference in the
altitude of the peak ozone concentrations. The agreement abovePlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 5 km is good for all instrument pairs. ACE-FTS number densities
re larger than OSIRIS above 45 km, consistent with Dupuy et al.
3] . 
.2. Satellite versus ground-based partial columns 
Correlation plots of the satellite-plus-sonde ozone columns
surface-52 km) and the ground-based datasets are shown in
igs. 3 and 4 . Comparisons with the Brewer ozone data ( Fig. 3 )
re only shown for OSIRIS, since there are too few (less than 15)
rewer measurements in early spring and late fall for meaningful
omparisons with ACE. The instrument pairs have correlation coef-
cients of 0.86-0.95 for OSIRIS, 0.90-0.96 for ACE-FTS, and 0.87-
.94 for ACE-MAESTRO. The ZSL-DOAS instruments show better
orrelation with the ACE instruments than the direct sun measure-
ents, while OSIRIS shows high correlation coeﬃcients for all in-
truments except PARIS-IR. R t values from TCA are 0.94-0.97 for
SIRIS, 0.94-0.96 for ACE-FTS, and 0.92-0.94 for ACE-MAESTRO. R t 
or the ground-based instruments ranges from 0.92 to 0.98. The
easonal evolution of the absolute differences between the instru-
ent pairs, as well as the mean absolute and relative differences
nd RMSD values for each pair are shown in Fig. 5 . Most instru-
ent pairs (with the exception of OSIRIS minus Brewer, ACE minus
ruker FTIR, and ACE-MAESTRO minus PARIS-IR) agree within the
ombined retrieval uncertainties (absolute and relative) indicated
n Table 2 . Note that the error estimates for the satellite data and
or the Brewer measurements include random errors only. 
The comparison of OSIRIS-plus-sonde ozone columns to Brewer
ata shows a mean relative difference of 2.7%, with the largest
ifferences observed in the spring ( Fig. 3 ). The vast majority of
he coincidences, however, occur in the summer, and so the larger
pringtime differences contribute minimally to the mean. The rela-
ive differences (not shown) are distributed evenly throughout the
ear. For a discussion of the dependence of the differences on SZA,ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 4. Correlation plots for satellite-plus-sonde surface-52 km ozone columns ( y -axes) against the ground-based total columns ( x -axes). The plots include best ﬁt lines 
using the OLS (red dashed line) and RMA (blue dashed line) methods, as well as the one-to-one line (black). The slope, intercept, number of coincidences, and correlation 
coeﬃcient are given as m, b, N, and R , respectively. Abbreviations and measurement periods are given in Table 1 . 
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p  ee Appendix A . The RMSD value of 20.8 DU is within the expected
ange from the RMSE calculations shown in Table 3 . 
OSIRIS and ACE-FTS satellite-plus-sonde columns are consis-
ently larger than the GBS ozone columns, by 4.4% and 2.6%, re-
pectively. The absolute differences are most pronounced for the
igher ozone values in early spring. OSIRIS and ACE-FTS show bet-
er agreement with the SAOZ dataset across the range of ozone
olumn values, with mean relative differences of 2.3% and -0.5%,
espectively. ACE-MAESTRO ozone is systematically lower than
SIRIS and ACE-FTS, and therefore agrees better with GBS (-1.2%)
han SAOZ (-4.4%). The offset between the GBS and SAOZ inter-
omparisons is similar for both ACE instruments. The largest ab-
olute differences (as well as relative differences, not shown) for
ach satellite minus ZSL-DOAS instrument pair are observed in the
arly spring ( Fig. 5 a, c, e). The RMSD values for the satellite mi-
us ZSL-DOAS comparisons are all within the maximum expected
ange shown in Table 3 . Comparisons to the GBS dataset consis-
ently result in higher RMSD (30.4 DU, 33.9 DU, and 36.5 DU for
SIRIS, ACE-FTS, and ACE-MAESTRO) than comparisons to SAOZ
26.7 DU, 24.4 DU, and 35.5 DU, respectively). This difference is
mallest for ACE-MAESTRO, and the highest RMSD values are also
een in the ACE-MAESTRO comparisons. To aid in interpreting the
ntercomparison results, the dependence of the differences on SZA
s described in Appendix A , and the ground-based ozone datasets
re compared in Appendix B.1 . Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 All three satellite-plus-sonde ozone datasets are systematically
ower than the Bruker FTIR. This difference (absolute and relative)
s also most pronounced in the spring, resulting in large mean rela-
ive differences for ACE-FTS and ACE-MAESTRO comparisons, -7.5%
nd -12.0%, respectively. In the case of OSIRIS, the agreement is
2.1%, and it remains better than 3% in all seasons. The satellite-
lus-sonde columns show better agreement with the PARIS-IR, re-
ulting in mean relative differences of -4.3% for ACE-FTS, -8.8% for
CE-MAESTRO, and -0.1% for OSIRIS. 
Comparisons of 14–52 km satellite partial columns to Bruker
TIR and PARIS-IR partial columns show small changes in rel-
tive differences (compared to surface-52 km satellite-plus-sonde
olumns) for the Bruker FTIR, to -2.3%, -7.3%, and -13.4% for OSIRIS,
CE-FTS and ACE-MAESTRO. These changes are signiﬁcant within
tandard error for ACE-MAESTRO only. PARIS-IR differences show
arger (and signiﬁcant) changes, to 1.5%, -0.4%, and -6.1%, respec-
ively. Results using PARIS-IR partial columns, however, need to be
nterpreted with caution, since the retrieval is optimized for total
olumns, and has lower DOFS than the Bruker FTIR retrieval. 
The RMSD values (using surface-52 km satellite-plus-sonde
zone columns) are 25.2 DU, 45.1 DU, and 60.7 DU for OSIRIS,
CE-FTS, and ACE-MAESTRO, when compared to the Bruker FTIR.
he values are 33.3 DU, 37.8 DU, and 53.8 DU, respectively, when
ompared to PARIS-IR. For the Bruker FTIR, only the OSIRIS com-
arison falls in the expected range from the RMSE values ( Table 3 ),ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 5. Seasonal absolute differences between satellite-plus-sonde surface-52 km ozone columns and the ground-based datasets. The dashed lines represent the mean abso- 
lute differences. The errors shown for the mean differences and the RMSD values are the standard error. Abbreviations and measurement periods are given in Table 1 . 
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G  while PARIS-IR satisﬁes the RMSE condition for OSIRIS and
ACE-FTS. 
Comparisons of 14–52 km ozone proﬁles from the Bruker FTIR
and the satellite instruments (linearly interpolated to the Bruker
FTIR retrieval grid) are shown in Fig. 6 . PARIS-IR proﬁles were not
used due to the comparatively low DOFS of the PARIS-IR retrievals.
OSIRIS proﬁles show good agreement with the Bruker FTIR proﬁles;
the mean values are within 5% for all but the lowermost three
layers. ACE-FTS and ACE-MAESTRO show patterns similar to each
other, with the ACE-MAESTRO differences shifted due to the sys-
tematic differences discussed in Section 5.1 . The ACE-FTS and ACE-
MAESTRO proﬁles below 40 km are smaller than the Bruker FTIR
values by as much as 12% and 20%, respectively, while relative dif-
ferences above 40 km are of similar magnitude but with opposite
sign. The large differences in the ACE minus Bruker FTIR column
intercomparisons are the result of the large differences in the mea-
sured peak ozone concentrations. When only early spring data are
considered for OSIRIS, the relative differences show a pattern sim-
ilar to the ACE instruments, but with less of a difference below
s  
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 0 km. The high-altitude differences may be related to the fast-
ecreasing vertical resolution of the Bruker FTIR above 30 km. To
est if the discrepancies are due to the different vertical resolutions
f the satellite instruments and the Bruker FTIR, the proﬁle com-
arisons were repeated using satellite proﬁles smoothed with the
ruker FTIR averaging kernels. The new comparisons (not shown)
re similar to the unsmoothed results, indicating that smoothing
oes not have a large impact on the mean proﬁle comparisons. The
pringtime measurements are likely affected by the location of the
olar vortex; this is examined in Section 7.1 . 
.3. Comparison to previous validation studies 
The ZSL-DOAS instruments at Eureka have been used in several
atellite validation studies. Fraser et al. [9] compared ACE-FTS v2.2
nd ACE-MAESTRO v1.2 15–40 km ozone partial columns (extended
ith ozonesonde data) to 20 04–20 06 GBS and SAOZ columns. The
BS and SAOZ ozone was retrieved using identical settings in that
tudy. When comparing ACE-FTS to ZSL-DOAS data, they foundated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 6. As for Fig. 2 , satellite proﬁles against Bruker FTIR proﬁles. 
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t  ean relative differences of 3.2% to 6.3% for GBS ozone, and 0.1%
o 4.3% for SAOZ. These values are comparable to the 2.6% and -
.5% found in this study. For ACE-MAESTRO, Fraser et al. [9] found
ifferences of −19.4% to −1.2% for GBS and −12.9% to −1.9% for
AOZ. Our values of −1.2% and −4.4% are within the range esti-
ated by Fraser et al. [9] . Adams et al. [8] compared OSIRIS v5.0x,
CE-FTS v3.0 and ACE-MAESTRO v1.2 ozone columns with GBS and
AOZ V2 measurements for 2003–2011 using methodology similar
o the methods in this paper. For OSIRIS, they found differences
f 5.7% and 7.3% with respect to GBS and SAOZ data, which are
arger than the 4.4% and 2.3% reported in this study. Since the
resent study also uses the OSIRIS v5.x data, the reduction in the
ifferences with respect to the GBS measurements is largely due
o the longer data record, while the SAOZ intercomparisons were
mproved by the new SAOZ V3 dataset as well ( Section 3.1 ; V3
zone is signiﬁcantly larger than V2 data for 2008–2010). Adams
t al. [8] reported ACE-FTS relative differences of 6.5% and 4.8%
or GBS and SAOZ, which are also larger than the 2.6% and -0.5%
ound in this study. In addition to the reasons mentioned before,
his improvement is largely due to the addition of more fall ACE-
TS data, which generally agrees better with the ZSL-DOAS datasetsPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014  Fig. 5 c). ACE-MAESTRO relative differences changed from 5.0% and
.6% [8] to −1.2% and −4.4% for GBS and SAOZ, respectively, reﬂect-
ng the apparent negative bias in the new ACE-MAESTRO dataset. 
Bruker FTIR ozone was ﬁrst compared to ACE-FTS v2.2 mea-
urements by Batchelor et al. [10] . They compared 6–43 km par-
ial columns to ACE-FTS partial columns smoothed by the Bruker
TIR averaging kernels, and found a mean relative difference of -
.6% for 20 07–20 08. This is comparable to the -7.5% relative dif-
erence reported in this study. Batchelor et al. [10] found that the
ocation of the polar vortex had a signiﬁcant impact on the com-
arison results. Implementing stricter coincidence criteria based on
ine-of-sight scaled potential vorticity (sPV) and temperature val-
es improved the relative differences to -0.4%. The impact of the
ortex position in the results of this study is further discussed in
ection 7.1 . Using the stricter coincidence criteria of Batchelor et al.
10] , Griﬃn et al. [12] compared smoothed ACE-FTS v3.5 ozone
artial columns to Bruker FTIR partial columns in the 9–48.5 km
ange. They found mean relative differences of -3.6% for 2007–
013, smaller than the value found in this study. PARIS-IR ozone
as only been compared to ACE-FTS previously. Fu et al. [11] com-
ared 2006 measurements to smoothed ACE-FTS v2.2 data in the
.5–84.5 km range, and found a mean relative difference of −5.2%,
hile Griﬃn et al. [12] found −3.5%. Both these values are similar
o the −4.3% reported here. 
Adams et al. [8] compared Bruker FTIR total columns to OSIRIS
5.0x, ACE-FTS v3.0 and ACE-MAESTRO v1.2 satellite-plus-sonde
olumns using methods similar to the ones applied here, and
ound mean relative differences of 0.1%, −4.7%, and −6.1%, respec-
ively. These values are smaller than the values of −2.1%, −7.5%,
nd −12.0% found in this study. Most of the differences can be
xplained by year-to-year variability introduced by the polar vor-
ex in the spring (see Section 7.1 ), and by the shift in the ACE-
AESTRO data. Adams et al. [8] also compared Brewer ozone total
olumns to OSIRIS-plus-sonde columns, and found a mean relative
ifference of 2.8 %, very close to the 2.7% in this study. The two
alues agree within their combined standard errors. The compari-
on results for satellite and ground-based ozone columns from this
tudy and from relevant publications are summarized in Fig. 9 a. 
.4. Decadal stability 
Drift values and corresponding uncertainties for each of the
elative difference time series are shown in Table 4 . OSIRIS-
lus-sonde ozone columns show a statistically signiﬁcant drift of
.7 ±1.3%/decade only when compared to the Brewer measure-
ents. The mean drift also becomes signiﬁcant as a result. The
umber of years required to detect a real drift of 2.7 %/decade (see
ection 4.4 ), however, is n ∗= 23, while the OSIRIS to Brewer com-
arisons span only 14 years. In addition, OSIRIS shows no signiﬁ-
ant drift when compared to any other ground-based dataset, and
o we cannot say with conﬁdence that the drift between OSIRIS-
lus-sonde ozone columns and Brewer measurements is real. Hu-
ert et al. [51] found signiﬁcant drifts in the differences between
SIRIS ozone data and ozonesonde and lidar measurements. These
ssues, however, were related to a pointing bias, and were cor-
ected in the v5.10 dataset [23] (see Section 2.7 ). 
ACE-FTS-plus-sonde ozone columns show no statistically signiﬁ-
ant drift when compared to any of the ground-based instruments,
nd the n ∗ values indicate that none of the time series are long
nough to say with conﬁdence that the drifts returned by the lin-
ar regression are real. When the mean across all instrument pairs
s considered, the drift becomes signiﬁcant, since the combined
ncertainty is reduced. This apparent negative drift is expected,
iven the better agreement of fall ACE-FTS data with ZSL-DOAS
easurements, and the fact that most fall coincidences occur af-
er 2013 (see Section 5.3 ). The mean drift is not signiﬁcant whenated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 7. As for Fig. 4 , 12–40 km NO 2 satellite partial columns against ground-based partial columns. 
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s  fall ZSL-DOAS data are excluded, or when the spring and fall data
are ﬁtted separately. The lack of drift in ACE-FTS data is consistent
with the results of Hubert et al. [51] . 
There is no signiﬁcant drift between ACE-MAESTRO-plus-sonde
ozone columns and the individual ground-based instruments, and
the mean drift is also zero within the uncertainty, in agreement
with Hubert et al. [51] . All of the n ∗ values are larger than the
number of years available in each relative difference time se-
ries. The uncertainties on the drift values are larger than for the
ACE-FTS data, reﬂecting the larger scatter seen in the compari-
son results ( Fig. 5 ). The lack of drift in the ACE-MAESTRO data
lends further credibility to the conclusion that the observed low
bias ( Section 5.1 ) is related to the v3.13 reprocessing, and not to
changes in the dataset over time. 
6. NO 2 results 
Satellite NO 2 measurements were only compared to the
ground-based datasets. The comparison of OSIRIS and ACE-FTS NO 2 
was excluded due to the limited number (38) and seasonal distri-
bution (late September in a few years only) of coincident measure-
ments. The results of the satellite minus ground-based intercom-
parisons are discussed below. Unlike for ozone, NO 2 proﬁles from
the Bruker FTIR were not compared to the satellite proﬁles, since
the mean degrees of freedom for signal for the Bruker FTIR 12–
40 km partial columns is 1.2 on average. 
6.1. Satellite versus ground-based partial columns 
Correlation plots of the satellite and ground-based 12–40 km
NO 2 partial columns are shown in Fig. 7 . Correlation coeﬃcients
for OSIRIS are in the 0.91–0.93 range. The values are slightly
smaller for ACE-FTS, between 0.84–0.87. One reason for this might
be that ACE-FTS only measures in the spring and fall, and so only a
smaller range of NO 2 partial column values is available to constrain
the linear relationship. R t coeﬃcients from TCA are 0.94–0.96 for
OSIRIS and 0.88–0.92 for ACE-FTS, while the ground-based datasets
have R t values in the 0.88–0.97 range. The absolute differencesPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 etween the instrument pairs throughout the year are shown in
ig. 8 , alongside the mean absolute and relative differences and
MSD values. Most instrument pairs (with the exception of OSIRIS
inus GBS-vis and ACE-FTS minus Bruker FTIR) agree within the
ombined retrieval uncertainties (absolute and relative) indicated
n Table 2 . 
OSIRIS NO 2 shows a similar relationship to the GBS-vis and
BS-UV products ( Fig. 8 a), where there is good agreement in the
pring, OSIRIS partial columns are much smaller than the ground-
ased data in the summer, and this difference is reduced in the
all. The relative differences (not shown) follow the same pattern.
he mean relative differences are −19.9% and −8.1% with respect
o GBS-vis and GBS-UV, respectively. Since the GBS-vis dataset is
onger and has more summer data, the mean differences are heav-
ly weighted by the large differences in the summer. OSIRIS NO 2 
s also smaller than SAOZ, with a relative difference of −11.3%
 Fig. 8 b), and similar absolute differences in the spring and fall.
he relative differences (not shown) are larger in the spring for
he SAOZ comparisons. The RMSD s for the GBS datasets (10.3–6.6
10 14 molec/cm 2 ) are larger than the maximum expected spread
rom the RMSE calculations ( Table 3 ), likely due to the large sum-
ertime differences. The RMSD for SAOZ is smaller (4.8 ×10 14 
olec/cm 2 ), and within the expected range. The SAOZ allyear dataset
 Section 3.1 ) provides four years of summer data to further eval-
ate the differences between OSIRIS and ground-based ZSL-DOAS
nstruments. The OSIRIS minus SAOZ allyear NO 2 comparison (not
hown) results in a mean relative difference of −10.5%, and the
ifferences follow the same pattern described for the GBS instru-
ents. The large summertime OSIRIS minus ZSL-DOAS differences
uggest the presence of systematic errors in the datasets or in the
caling factors from the photochemical box model [8] . The differ-
nces in viewing geometries, combined with the challenges of ZSL-
OAS retrievals in the summer ( Section 3.1 ) likely contribute to the
easonal pattern as well. 
OSIRIS NO 2 partial columns are larger than Bruker FTIR mea-
urements by a mean difference of 5.5%. The seasonal pattern
n the absolute differences ( Fig. 8 b) and relative differences (not
hown) is somewhat similar to the ZSL-DOAS datasets, althoughated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. 8. As for Fig. 5 , 12–40 km NO 2 satellite partial columns against ground-based partial columns. 
Fig. 9. Mean relative differences between (a) satellite-plus-sonde surface-52 km ozone columns and ground-based total columns, (b) 12–40 km satellite NO 2 partial columns 
and ground-based partial columns, and (c) 14–52 km satellite ozone columns. Bars show the results from this study, as well as the results from Adams et al. [8] (2003–2011). 
Additional lines indicate results from Fraser et al. [9] (individual yearly values, 2004, 2005, and 2006 for GBS, 2005 and 2006 for SAOZ; note that for AF-GV, values are 
6.3% for both 2005 and 2006), Batchelor et al. [10] (2007–2008), Fu et al. [11] (2006), and Griﬃn et al. [12] (2006–2013). Error bars indicate standard error, where available. 
Abbreviations are given in Table 1 . 
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Updated validation of ACE and OSIRIS ozone and NO 2 measurements 
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t  the summertime negative shift in the absolute differences is less
pronounced. Overall, OSIRIS shows better agreement with Bruker
FTIR than with the ZSL-DOAS instruments. This is reﬂected in
the RMSD (4.0 ×10 14 molec/cm 2 ), which is the smallest among
the four OSIRIS comparisons. The differences between the ground-
based NO 2 datasets are not unusual, and are discussed further in
Appendix B.2 . The dependence of the differences on SZA is de-
scribed in Appendix A . 
The ACE-FTS NO 2 partial columns are systematically larger than
the GBS-vis and GBS-UV datasets, with mean differences of 15.3%
and 8.8%, respectively ( Fig. 8 c). The SAOZ data, on the other hand,
agree well with ACE-FTS, with a mean difference of only 0.7%
( Fig. 8 d). The level of agreement is similar in spring and fall for
the GBS datasets, while SAOZ appears to measure less NO 2 in the
fall compared to ACE-FTS. The ACE-FTS NO 2 partial columns are
also smaller than the Bruker FTIR, by 33.2% on average. The major-
ity of coincidences occur in the spring, due to the limited number
of Bruker FTIR measurements in the fall. The RMSD for the GBS-
vis and GBS-UV datasets (3.7–3.2 ×10 14 molec/cm 2 ) are compa-
rable, but the GBS-vis value falls outside the range indicated in
Table 3 . The ACE-FTS minus SAOZ comparison shows the smallest
spread (2.9 ×10 14 molec/cm 2 , within the expected range), while
the Bruker FTIR shows the largest (4.7 ×10 14 molec/cm 2 , outside
the expected range). 
6.2. Comparison to previous validation studies 
Fraser et al. [9] compared ACE-FTS v2.2 22–40 km NO 2 partial
columns to 20 04–20 06 GBS-vis and SAOZ columns. They found
mean relative differences of −10.7% to −19.7% for GBS-vis, and
−11.9% to −13.6% for SAOZ. These values are opposite of the ﬁnd-
ings in this study, but direct comparisons are diﬃcult due to the
different partial column range and the fact that Fraser et al. [9] cal-
culated total columns (instead of the 12–60 km range used here)
for the ground-based instruments. More direct comparison is pos-
sible to the results of Adams et al. [8] , who used settings simi-
lar to the ones in this study for the GBS datasets. They calculated
17–40 km partial columns for the satellite intercomparisons, using
the OSIRIS v3.0 and ACE-FTS v2.2 datasets. For OSIRIS, they found
mean relative differences of −7.8% and −3.3% for GBS-vis and GBS-
UV. The differences with respect to the GBS datasets are much
larger ( −19.9% and −8.1%) in this study. This is primarily the re-
sult of the different seasonal distribution of the OSIRIS v6.0 NO 2 
measurements. Near PEARL, there are fewer OSIRIS measurement
in the spring and fall, when the agreement with the ground-based
partial columns is better. Adams et al. [8] also found a seasonal
variation in the absolute differences similar to what is shown in
Fig. 8 a. For ACE-FTS, they found relative differences of 15.2% and
13.6% using GBS-vis and GBS-UV data, similar to the 15.3 % and
8.8% found in this study. The larger change in the GBS-UV compar-
ison is likely due to the low number of coincidences (38) in Adams
et al. [8] . Using SAOZ V2 data, they found mean relative differences
of 10.2% for OSIRIS and 12.7% for ACE-FTS, which are substantially
different from the values of −11.3% and 0.7% found in this study.
However, changes in the SAOZ NO 2 AMF calculations ( Section 3.1 )
likely account for most of these differences. The signiﬁcant changes
in the SAOZ dataset are evident in the ground-based intercompar-
isons as well (see Appendix B.2 ). 
The Bruker FTIR NO 2 has only been used in one previous val-
idation study. Using a previous version of the retrievals, Adams
et al. [8] compared 17–40 km OSIRIS partial columns to Bruker
FTIR partial columns. They found a mean relative difference of
12.2% for 2006–2011, and the differences showed a seasonal pat-
tern similar to the OSIRIS minus ZSL-DOAS comparisons. The mean
OSIRIS minus Bruker FTIR difference is smaller in this study (5.5%),
and the seasonal variation is less pronounced, since the updatedPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 ruker FTIR NO 2 shows better agreement with OSIRIS for low NO 2 
oncentrations in the spring and fall. ACE-FTS NO 2 measurements
ave not previously been compared to the Bruker FTIR at Eureka,
ince Adams et al. [8] excluded Bruker FTIR measurements with
ZA > 80 ◦. The satellite to ground-based NO 2 partial column com-
arison results, and the changes compared to previous publica-
ions, are summarised in Fig. 9 b. 
.3. Decadal stability 
Drift values and corresponding uncertainties for each of the rel-
tive difference time series are shown in Table 4 . There is no sta-
istically signiﬁcant drift between OSIRIS NO 2 partial columns and
ost ground-based instruments, except for a marginally signiﬁ-
ant drift of −10.4 ±10.3%/decade when compared to the Bruker
TIR dataset. The mean drift for OSIRIS NO 2 partial columns is not
tatistically signiﬁcant. The drift with respect to the Bruker FTIR
ataset is related to the fact that springtime coincidences show
arge positive differences (but also large scatter), and the major-
ty of springtime coincidences occur prior to 2012. This leads to
 negative drift in the springtime comparisons. None of the other
nstruments show a signiﬁcant drift for spring data only, and the
SIRIS minus Bruker FTIR drift is not signiﬁcant when spring data
re excluded. In addition, the number of years required to detect
 drift of −10.4%/decade in the OSIRIS minus Bruker FTIR dataset
s n ∗= 20, and there are only 12 years of coincident measurements
vailable. 
ACE-FTS NO 2 partial columns show no statistically signiﬁcant
rift when compared to any of the ground-based datasets. The
ean drift, however, is statistically signiﬁcant. Similar to the ozone
omparisons, this apparent positive drift is expected, since ACE-FTS
inus SAOZ differences are larger in the fall than in the spring
see Section 6.1 ), and fall coincidences only occur in 2015–2017.
he mean drift is not signiﬁcant when fall SAOZ data are excluded,
r when the spring and fall data are ﬁtted separately. In addition,
 
∗ values for each of the individual drifts are larger than the num-
er of years available in the relative difference time series. 
. The impact of atmospheric conditions 
.1. Springtime coincidence criteria 
Many of the instrument comparisons in this study show the
oorest agreement during the spring, when the polar vortex might
e located over or near Eureka. The vortex isolates airmasses in
he stratosphere, and so measurements on either side of the vortex
oundary might be spatially close, but have substantially different
race gas concentrations. To examine the effect of the polar vortex
n the springtime comparisons, we used derived meteorological
roducts (DMPs) [59] from the second Modern-Era Retrospective
nalysis for Research and Applications (MERRA-2), an atmospheric
eanalysis that uses the Goddard Earth Observing System Model
ersion 5.2.0 reanalysis system (GEOS-5) [60,61] . DMPs, such as
caled potential vorticity (sPV) [62,63] and temperature, were cal-
ulated along the line-of-sight of the ACE-FTS, ACE-MAESTRO, GBS,
AOZ, Bruker FTIR and PARIS-IR instruments, and at the coordi-
ates of the 25 km tangent point for OSIRIS measurements, using
he Jet and Tropopause Products for Analysis and Characterization
JETPAC) package [64,65] . 
The line-of-sight calculations for the ZSL-DOAS instruments are
escribed by Adams et al. [8] . Coincident measurements were kept
nly if the temperature differences between measurements at se-
ected layers were less than 10 K, and measurements were either
oth inside (sPV > 1.6 ×10 −4 s −1 ) or both outside (sPV < 1.2 ×10 −4 
 
−1 ) the polar vortex at each layer. The time period selected for
he comparisons with dynamical coincidence criteria was springated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Aup to day 105), as deﬁned in Section 4.1 . This period includes all
he springtime ACE measurements, and most of the days when the
ower stratosphere might be inside the polar vortex (as indicated
y the DMP calculations). 
For ozone, altitude levels of 14, 18, 20, and 22 km were se-
ected, to coincide with the location of the peak ozone concen-
rations in the lower stratosphere. Adams et al. [8] used similar
ltitude levels (in pressure coordinates), excluding 22 km, while
atchelor et al. [10] and Griﬃn et al. [12] used the same lev-
ls with the addition of 24, 26, 30, 36, and 46 km. Imposing dy-
amical coincidence criteria throughout the entire stratosphere
rastically reduced comparison statistics due to the 500 km dis-
ance limit used in this study. With the additional coincidence
riteria, and using surface-52 km ozone columns, the ACE mi-
us Bruker FTIR and ACE minus PARIS-IR comparisons showed
arge improvements. For the Bruker FTIR, ACE-FTS relative dif-
erences improved from −7.4 ±0.2% to −3.9 ±0.4%, while ACE-
AESTRO comparisons improved from −12.0 ±0.3% to −7.3 ±0.6%.
or the PARIS-IR, the changes were −4.3 ±0.1% to −2.0 ±0.3%, and
8.8 ±0.1% to −4.5 ±0.5%, respectively. Comparisons of ACE-FTS
nd ACE-MAESTRO measurements to ZSL-DOAS data did not im-
rove with the additional coincidence criteria. OSIRIS comparisons
o the ZSL-DOAS measurements showed modest improvements,
rom 6.7 ±0.2% to 5.9 ±0.2% for GBS and 2.3 ±0.2% to 1.8 ±0.2%
or SAOZ. OSIRIS minus Bruker FTIR and PARIS-IR comparisons did
ot change signiﬁcantly with the inclusion of the dynamical coin-
idence criteria. 
The comparison results with the stricter coincidence criteria
re similar to the ﬁndings of Adams et al. [8] . They also saw
he largest improvement for ACE-FTS minus Bruker FTIR ( −5.0% to
3.1%), with modest or no improvements for the other instrument
airs. The good agreement of the ACE-FTS to Bruker FTIR com-
arisons using the dynamical coincidence criteria ( −3.1 ±0.8% [8] ,
3.6 ±0.6% [12] , and −3.9 ±0.4% here) indicates that year-to-year
ariability in the location and strength of the polar vortex has a
igniﬁcant impact on the observed differences, and that the under-
ying agreement between ACE-FTS and Bruker FTIR is stable over
ime. There are no signiﬁcant drifts in any of the relative differ-
nce time series ﬁltered by the dynamical coincidence criteria. 
While the location of the polar vortex inﬂuences the compar-
son results, removing these impacts is challenging for scattered
ight measurements such as OSIRIS and the ZSL-DOAS instruments.
recise line-of-sight calculations are not possible for these instru-
ents due to the multiple paths taken by scattered sunlight be-
ore reaching the detectors. The dynamical coincidence criteria for
SIRIS are weakened due to the lack of line-of-sight information.
n addition, ZSL-DOAS measurements are integrated over a much
onger time than solar measurements. Springtime vertical columns
re calculated using 2–4 h of measurements, corresponding to a
0–60 ◦ change in solar azimuth. Using the estimated line-of-sight
or the mean measurement time only [8] may reduce the utility
f the stricter coincidence criteria. Modest to no improvements in
omparisons involving scattered light instruments are thus likely
artially due to the cruder line-of-sight estimates used. 
To investigate the impact of the polar vortex on 12–40 km NO 2 
artial column comparisons, altitude levels of 24, 26, and 30 km
ere selected, since the peak NO 2 concentrations occur at higher
ltitudes than for ozone. The dynamical coincidence criteria, how-
ver, did not improve the comparison results, with the excep-
ion of the OSIRIS minus SAOZ relative differences ( −12.2 ±0.9% to
7.6 ±1.1%). The small impact of the dynamical coincidence crite-
ia for NO 2 is likely due to the large uncertainties in the measure-
ents and the diurnal scaling, as well as the variability of NO 2 ,
uch as the latitudinal gradient and the diurnal effect [4,8] . 
To assess the impact of the latitudinal gradient on NO 2 compar-
sons, a ±1 ◦ latitude coincidence criterion was implemented usingPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 he 25 km tangent height of the OSIRIS measurements, the 30 km
angent height of the ACE-FTS measurements, and the correspond-
ng 25 or 30 km point along the line-of-sight of the ground-based
nstruments. Since the latitudinal gradient is present during both
pring and fall, measurements from both seasons (as deﬁned in
ection 4.1 ) were included. Ratios of modeled NO 2 partial columns
t twilight for 79 ◦N over 81 ◦N (after Fig. 5 of Adams et al. [8] ) are
nly as high as 2.5, compared to ratios of 7 for latitude differences
ypical for coincidences within a 500 km radius. The latitude ﬁlter
mproved the relative and absolute differences for six of the eight
nstrument pairs, although these improvements are only signiﬁcant
ithin standard error for the ACE-FTS minus GBS-UV comparison
8.8 ±1.1% to 2.2 ±2.6%). The remaining two comparisons (ACE-FTS
o SAOZ and Bruker FTIR) resulted in inconclusive changes, where
nly the absolute or relative differences improved (none signiﬁcant
ithin standard error). The small changes using the ±1 ◦ latitude
oincidence criterion indicate that using the 500 km radius to se-
ect coincidences is adequate even when NO 2 has a strong latitudi-
al gradient. If a 10 0 0 km radius is used, the ±1 ◦ criterion signiﬁ-
antly changes the results for six out of the eight instrument pairs,
ndicating that the larger radius would lead to systematic issues in
he spring and fall NO 2 comparisons. 
To estimate the impact of the diurnal effect, a new set of di-
rnal scaling factors was calculated for the ground-based instru-
ents, using the SZA of the 30 km point along the line-of-sight
nstead of the time of the measurements. As expected, the scaled
O 2 partial columns increased, by 6–7% for the ZSL-DOAS instru-
ents, and by 4% for the Bruker FTIR. The corresponding shift
n the satellite minus ground-based differences results in better
greement for all the pairs where the satellite instrument overes-
imated the ground-based measurements, and the differences in-
reased for pairs where the satellite instrument was already un-
erestimating NO 2 compared to the ground-based data (see Fig. 8 ).
hese results indicate that the variability of NO 2 has a signiﬁcant
mpact on comparisons at high latitudes. 
.2. Cloud-ﬁltered ZSL-DOAS ozone dataset 
Clouds are a large factor of uncertainty in ZSL-DOAS measure-
ents, and they are not taken into account in the NDACC ozone
MF calculations. Hendrick et al. [30] estimated that this omission
ccounts for a 3.3% uncertainty in the ozone columns. Cloudy AMFs
re systematically larger than AMFs in clear conditions, mainly due
o multiple scattering in the cloud layer. Existing cloud-screening
lgorithms for (mainly off-axis) DOAS instruments [66–69] are
ased on the color index (CI) at various wavelength pairs. These
lgorithms, however, require small SZA measurements that are not
vailable at high latitudes. 
To assess the impact of clouds on ZSL-DOAS ozone measure-
ents at Eureka, a cloud screening algorithm was developed for
he UT-GBS and SAOZ datasets by Zhao et al. [70] . Cloudy spectra
ere ﬁltered out using calibrated CI and thresholds based on ra-
iative transfer model simulations prior to the VCD retrieval. This
ethod, however, still requires SZA values smaller than 85 ◦ for
he individual measurements, and so has limited impact on the
pring and fall measurements when only the UT-GBS daily refer-
nce spectra might be ﬁltered. To extend the range of the ﬁlter, the
emporal smoothness of the CI and the O 4 dSCDs was also taken
nto account, since they should vary smoothly in the absence of
apidly varying clouds. The cloud-ﬁltered ZSL-DOAS datasets were
etrieved using the GBS retrieval code ( Section 3.1 ), with the ex-
eption of the use of ﬁxed reference column densities for SAOZ.
hao et al. [70] found that for 2010–2017 data, there is a 1–5% dif-
erence between cloudy and clear ZSL-DOAS measurements. Cloudy
easurements show a positive bias, consistent with the enhanced
MFs in cloudy conditions. ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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s  Using the same 2010–2017 subset of GBS and SAOZ measure-
ments as in Zhao et al. [70] , the effects of clouds on the satellite
minus ZSL-DOAS intercomparisons can be examined. The ACE-FTS
and ACE-MAESTRO comparisons show only insigniﬁcant changes.
This is consistent with the limited applicability of the cloud-ﬁlter
algorithm in the spring and fall. When compared to OSIRIS data,
the mean relative differences increased for both GBS and SAOZ, al-
though the change is only signiﬁcant within standard error for the
former. Since the GBS dataset has more summer data than SAOZ,
the effect of the cloud ﬁlter is expected to be larger. OSIRIS minus
GBS differences changed from 3.2 ±0.1% to 4.4 ±0.2%, while cor-
relation coeﬃcients improved from 0.92 to 0.95. This is consistent
with Zhao et al. [70] , who found that the cloud ﬁlter changes the
GBS minus Brewer differences from 0.05 ±0.25% to −1.84 ±0.71%. 
These results suggest that clouds play an important role in
satellite comparisons to ZSL-DOAS instruments at high latitudes.
While the impact of clouds on spring and fall measurements is dif-
ﬁcult to quantify, it is likely that ZSL-DOAS measurements have a
positive bias during those periods as well. Since direct sun mea-
surements (e.g. the Bruker FTIR and Brewer measurements) have a
natural clear-sky bias, comparison results across multiple datasets
have to be interpreted with care. 
8. Conclusions 
OSIRIS and ACE ozone and NO 2 measurements within 500 km
of the PEARL Ridge Lab were compared to ground-based measure-
ments. Ozone partial columns from 14 to 52 km were calculated
from the satellite proﬁles, and these were extended to the sur-
face using ozonesonde data. NO 2 partial columns were calculated
from 12 to 40 km for ACE-FTS and 12 to 32 km for OSIRIS (scaled
to 40 km using the NDACC NO 2 proﬁle climatology). NO 2 partial
columns were not extended to the surface since the ground-based
instruments measure partial columns above 12 km. All NO 2 mea-
surements were scaled to local noon using a photochemical model
to account for the diurnal variation of NO 2 . Drifts between the var-
ious datasets were calculated using robust linear regression of the
daily mean relative differences. 
Ozone partial columns from the three satellite instruments
show reasonable agreement. OSIRIS and ACE-FTS agree to within
1.2%, while ACE-MAESTRO ozone shows a 6.7% and 5.9% low
bias when compared to OSIRIS and ACE-FTS, respectively. Proﬁle
comparisons show that relative to the OSIRIS and ACE-FTS, ACE-
MAESTRO underestimates the peak ozone concentrations within
500 km of PEARL. This bias was not apparent in previous ACE-
MAESTRO data versions [8] . The lack of drift between any of the
satellite datasets indicates that the ACE-MAESTRO bias is related to
changes in the v3.13 processing, and not to changes in the dataset
over time. While we cannot draw any conclusions regarding the
global ACE-MAESTRO data, we advise caution when using the v3.13
ozone dataset in the Arctic for applications where accuracy is im-
portant. Satellite NO 2 partial columns were not compared due to
the low number of coincidences betewen OSIRIS and ACE-FTS. 
Satellite-plus-sonde ozone columns were compared to ﬁve
ground-based datatsets. OSIRIS ozone columns agree with ground-
based total columns with a maximum mean relative difference
of 4.4%. The agreement is better than 7.5% for ACE-FTS ozone,
while ACE-MAESTRO columns show a maximum relative difference
of 12%, reﬂecting the low bias indicated by the satellite compar-
isons. The largest differences were observed for the ACE minus
Bruker FTIR and PARIS-IR comparisons. Exluding those four values,
all other instrument pairs agree to within 4.4%. Comparisons of
satellite-plus-sonde ozone with a cloud-ﬁltered ZSL-DOAS dataset
indicate that the underlying agreements are likely different due
to a positive bias in the ZSL-DOAS measurements in cloudy con-
ditions. Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 Springtime ozone comparisons are affected by the polar vor-
ex. This additional atmospheric variability is most signiﬁcant
or the ACE minus Bruker FTIR and PARIS-IR comparisons, since
ost of those coincidences (all for PARIS-IR) occur during the
pring. Using stricter dynamical coincidence citeria in the spring,
CE minus Bruker FTIR and PARIS-IR comparisons improved by
.3–4.7%. Results for the other instrument pairs showed mod-
st to no improvements, likely due to the lack of precise
ine-of-sight information for the scattered-light measurements.
his indicates that the polar vortex introduces signiﬁcant uncer-
ainty in the springtime comparisons, and accounting for these
ffects requires precise knowledge of the measurement light
ath. 
Satellite NO 2 partial columns were compared to four ground-
ased datasets. OSIRIS partial columns agree with ground-based
artial columns to within 19.9%, and the differences show signif-
cant seasonal variation, with the largest negative values in the
ummer. ACE-FTS partial columns show a maximum mean relative
ifference of 33.2%, that improves to better than 15.3% when ex-
luding the Bruker FTIR comparison. Dynamical coincidence crite-
ia did not improve the comparison results, likely due to the large
ncertainties in the NO 2 measurements. Implementing a ±1 ◦ lati-
ude coincidence criterion modestly improved spring and fall com-
arison results for most instrument pairs, suggesting that while
he latitudinal gradient of NO 2 has a signiﬁcant impact on vali-
ation exercises, a 500 km radius for coincidences is adequate for
omparisons of NO 2 measurements. 
None of the satellite-plus-sonde ozone columns or satellite NO 2 
artial columns show a signiﬁcant drift when compared to the
round-based datasets. While some of the calculated drifts are sig-
iﬁcant based on the linear regression only, most of these values
ere found to be related to the changing seasonal distribution of
he coincidences, coupled with seasonal effects in the relative dif-
erence time series. None of the time series are long enough for
onﬁdent detection of drifts of the magnitude given by the linear
egression. 
The results in this study are generally consistent with previ-
us validation results ( Fig. 9 ), with the exceptions as explained in
ections 5.1, 5.3 , and 6.2 . The lack of drift in any of the comparison
ime series indicates that OSIRIS, ACE-FTS and ACE-MAESTRO con-
inue to provide reliable measurements of ozone and NO 2 in the
rctic. 
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Fig. A.10. As for Fig. 3 b, seasonal absolute differences between OSIRIS-plus-sonde 
surface-52 km ozone columns and Brewer total columns, as a function of the SZA 
corresponding to each Brewer measurement. 
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ppendix A. Absolute differences as a function of solar zenith 
ngle 
Since seasonal plots of absolute differences might mask SZA-
elated patterns in the comparison results, Figs. A.10 and A.11 showPlease cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 bsolute differences between satellite-plus-sonde ozone columns 
nd the ground-based datasets as a function of SZA, while Fig. A.12
hows the same for satellite NO 2 partial columns. The SZA at the
ocation of the ground-based instrument (and at the time of the
round-based measurement) was used in the ﬁgures. The mean
bsolute and relative differences, as well as the RMSD values, are
he same as shown in Figs. 3, 5 , and 8 . 
OSIRIS-plus-sonde ozone columns show no SZA-dependent dif-
erences when compared to Brewer ozone data ( Fig. A.10 ). Brewer
easurements only extend above SZA = 76 ◦ for a few years, so the
istribution of the differences for those angles is not well sam-
led. Removing Brewer measurements with SZA > 76 ◦ does not af-
ect the comparison results. The OSIRIS minus Bruker FTIR differ-
nces ( Fig. A.11 b) are similarly independent of SZA when the sun
s high, while for SZA > 80 ◦ the differences increase due to atmo-
pheric variability in the spring. The OSIRIS minus PARIS-IR com-
arisons show the same pattern, with slightly more scatter in the
bsolute differences. 
The satellite-plus-sonde minus ZSL-DOAS ozone differences
 Fig. A.11 a, c, and e) show no obvious SZA dependence. Most dat-
points cluster around 88.5 ◦, the mean SZA of the ideal twilight
SL-DOAS measurements. The large scatter in these comparisons
eﬂects the large differences observed in the spring. The ACE in-
truments show large scatter when compared to the Bruker FTIR
nd PARIS-IR ozone columns ( Fig. A.11 d, e), with the largest nega-
ive outliers concentrated around SZA  84 ◦. 
Most of the satellite NO 2 datasets show no obvious dependence
n SZA when compared to the ground-based datasets ( Fig. 8 ). The
xception is the OSIRIS minus GBS-vis and GBS-UV, where the dif-
erences show large negative values for low SZA, reﬂecting the sea-
onal pattern described in Section 6.1 . ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. A.11. As for Fig. 5 , with the SZA of the ground-based measurements on the x -axis instead of day of the year. Note that the SZA limits are different for each subplot. 
Fig. A.12. As for Fig. 8 , 12–40 km NO 2 satellite partial columns against ground-based partial columns, with the SZA of the ground-based measurements on the x -axis instead 
of day of the year. Note that the SZA limits are different for each subplot. 
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f  ppendix B. Ground-based instrument intercomparisons 
Understanding the relationship of the ground-based datasets
ith each other is important for interpreting the results of the
atellite vs. ground-based instrument comparisons. Results for the
round-based ozone and NO 2 comparisons are summarised in the
ollowing sections. The coincidence criteria and comparison met-
ics were the same as detailed in Section 4 . 
.1. Ozone 
Ozone total columns from the GBS, SAOZ, Bruker FTIR, PARIS-
R and Brewer instruments show good correlation ( Fig. B.13 ), with
orrelation coeﬃcients of 0.83 or greater. The lowest value is found
or the PARIS-IR minus Brewer comparison, since the two instru-
ents have limited temporal overlap. The seasonal differences be-
ween the ground-based instruments are shown in Fig. B.14 . The
SL-DOAS instruments correlate very well (R = 0.97), but the GBS
zone is systematically smaller than SAOZ, with a mean relative
ifference of -4.3%. The largest absolute differences occur in the
pring. Comparing GBS to SAOZ allyear ozone ( Section 3.1 ), the mean
elative difference is reduced to -3.2%, due to better agreement in
he summer. The mean difference of −4.3% is comparable to Fraser
t al. [9] and Adams et al. [8] , who found values of −6.9% to −3.7%
20 05–20 06), and −3.2% (2005–2011), respectively. 
Both GBS and SAOZ compare well to Brewer ozone columns,
ith mean relative differences of −0.9% and −0.2%, respectively,Fig. B.13. As for Fig. 4 , ozone total columns
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 ndicating that outside early spring, ZSL-DOAS retrievals are con-
istent between GBS and SAOZ. These values also agree well with
he results of Adams et al. [8] , who found mean relative differences
f −1.4% and 0.4% for GBS and SAOZ total columns, respectively. 
The Bruker FTIR and PARIS-IR measure more ozone than the
BS, SAOZ, and Brewer instruments. The mean relative differences
or the Bruker FTIR are 8.0%, 6.0%, and 4.5%, respectively, while the
ARIS-IR differences are 9.3%, 3.7%, and 1.5%, respectively. The ab-
olute differences are the largest in the early spring, and the over-
stimation by Bruker FTIR is present consistently during the en-
ire year. These results for the Bruker FTIR are comparable to the
alues of 6.9%, 9.2%, and 2.6% from Adams et al. [8] . The Bruker
TIR minus Brewer relative differences agree well with Schneider
t al. [71] , who also found a 4.5% difference between the datasets
t a subtropical site. Schneider et al. [71] attributed the differences
o discrepancies in the UV and infrared spectroscopic parameters.
he Bruker FTIR total columns show good agreement with PARIS-
R data, with a mean difference of −1.8%. This is consistent with
atchelor et al. [10] who found −1.2%, and Griﬃn et al. [12] who
ound −0.3%. 
.2. NO 2 
The GBS-vis, GBS-UV, SAOZ, and Bruker FTIR NO 2 data show
orrelation coeﬃcients of 0.92 or greater, as shown in Fig. B.15 .
he seasonal differences between the partial columns (12–60 km
or the DOAS instruments and 12–40 km for the Bruker FTIR) are from the ground-based instruments. 
ated validation of ACE and OSIRIS ozone and NO 2 measurements 
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Fig. B.14. As for Fig. 5 , ozone total columns from the ground-based instruments. 
Fig. B.15. As for Fig. 4 , 12–60 km NO 2 partial columns (12–40 km for the Bruker FTIR) from the ground-based instruments. 
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Fig. B.16. As for Fig. 5 , 12–60 km NO 2 partial columns (12–40 km for the Bruker 
FTIR) from the ground-based instruments. 
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 hown in Fig. B.16 . The GBS-UV NO 2 is on average 3.6% lower
han the GBS-vis product. This agreement is reasonable, given the
horter pathlengths corresponding to UV measurements. The GBS-
is and GBS-UV measurements are both smaller than SAOZ, with
ean relative differences of −9.2% and −15.8%, respectively. The
bsolute differences are largest in the spring for both instrument
airs. The differences between SAOZ and the GBS datasets improve
hen the SAOZ allyear data are considered. GBS-vis minus SAOZ allyear 
elative differences change sign in the summer, leading to a large
mprovement in the mean, to −1.1%. GBS-UV partial columns are
onsistently smaller than SAOZ allyear , with a mean relative differ-
nce of −11.6%. The results for the GBS-vis minus SAOZ compar-
sons are comparable to Fraser et al. [9] , who found values of
2.2% to −12.2% for 20 05–20 06, using 22–40 km partial columns
nd identical software for the GBS-vis and SAOZ retrievals. Adams
t al. [8] found mean differences of 3.8% and −6.4% for GBS-vis
nd GBS-UV compared to SAOZ using 17–40 km partial columns.
he large difference compared to the results of this study is likely
ue to the changes in the SAOZ NO 2 dataset (see Section 3.1 ). 
The Bruker FTIR NO 2 partial columns are smaller than all
he ZSL-DOAS datasets, with mean relative differences of −18.3%,
16.5%, and −30.7% with respect to GBS-vis, GBS-UV, and SAOZ.
he absolute differences peak in the summer, when NO concen-2 
Please cite this article as: K. Bognar, X. Zhao and K. Strong et al., Upd
in the Arctic using ground-based instruments at Eureka, Canada, Journ
org/10.1016/j.jqsrt.2019.07.014 rations are at a maximum. The relative differences don’t show
ny obvious seasonal variation. The smaller Bruker FTIR partial
olumns are consistent with the results of Adams et al. [8] , who
ound mean relative differences of −16.3%, −19.2%, and −12.0% for
BS-vis, GBS-UV, and SAOZ, using a different version of the Bruker
TIR NO 2 retrievals. Part of the reason for the smaller Bruker
TIR measurements is the choice of partial column altitude range.
hen the upper limit of the partial columns is extended to 60 km
o match the ZSL-DOAS retrievals, the mean relative differences
mprove to −10.6%, −8.5%, and −20.7% for GBS-vis, GBS-UV and
AOZ. The 12–40 km Bruker FTIR partial columns were used for the
round-based comparisons in order to keep the results consistent
ith the satellite comparisons. 
upplementary material 
Supplementary material associated with this article can be
ound, in the online version, at doi: 10.1016/j.jqsrt.2019.07.014 . 
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